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The objective of this study was to develop a framework for performance-based 
specifications (PBS) which rely on the fundamental mechanistic asphalt mixture properties as 
performance predictors, verified to actual field performance, to compliment current QC/QA 
specifications for Louisiana. Nine asphalt paving projects were selected across the state with a 
total of 14 pavement sections that included 21 asphalt mixtures. A suite of laboratory tests using 
the Hamburg loaded-wheel tracking (LWT) test and the Semi-Circular Bending (SCB) were 
performed to evaluate the rutting and cracking resistance, respectively. In addition, the Indirect 
tensile dynamic modulus test (IDT E*) was conducted to evaluate the visco-elastic properties of 
the asphalt mixtures which were used as material input in the Mechanistic-Empirical Pavement 
Design Guide (MEPDG) software to predict the 20-year projected distresses. The field distress 
data were obtained from Louisiana Pavement Management System (LA-PMS) for the selected 
projects to conduct a comparative analysis with the laboratory measured performance properties.  
It was observed that most of the mixtures evaluated for LWT and SCB test methods 
performed well; low rut depths indicated better rut resistance and higher critical strain energies 
(Jc) values indicated better fracture resistance. The rut depths obtained from LWT test and 
MEPDG 20-year projection were observed to be in good accordance. SCB Jc was compared to 
PMS measured combined cracking, alligator cracking index, and random cracking index. Decent 
correlations were observed between these comparisons with R
2
 values of 0.55, 0.56, and 0.83. 
Additional statistical analyses, performed to identify the relationship between the laboratory and 
field performance parameters, consistently revealed the LWT rut depth and SCB Jc as one of the 
significant independent variables that affect the field rutting and cracking performance.  
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 According to a comparison analysis between the standard and pseudo PBS for 
three new projects, the rutting performance predictions by the two approaches agreed well. 
According to findings of this research, it can be concluded that a simplified performance based 
specification (i.e., Pseudo PBS) procedure, which include LWT and SCB tests, can be added to 













CHAPTER 1 : INTRODUCTION 
1.1 Introduction 
The United States has approximately two million miles of paved roads and highways, of 
which 94% is asphalt surfaced. Asphalt pavement is considered to be the most recycled material 
with a rate of over 99% (1). The construction and maintenance of the infrastructure is necessary 
for the development of this country.  
Many transportation agencies utilize construction specifications to yield as-constructed 
asphalt pavements to correlate with as-designed. Performance-Based Specifications (PBS) is 
considered a construction specification type which utilizes fundamental engineering properties of 
asphalt pavements to predict the end of design life performance in comparison with the other 
specifications. A complete PBS system was not established.   
This thesis report documents an approach to incorporate Pseudo PBS into asphalt 
roadway acceptance after paving; the approach would ensure a long-term performance of the 
pavement. This objective requires the laboratory evaluation of the mechanistic properties of the 
asphalt mixtures, in addition to the field evaluation of the pavement sections using the visual 
distress survey.   
1.2 Problem Statement 
Longevity of flexible pavements depends on adequate design production and construction 
specifications to ensure that as-constructed asphalt pavements are in good correlation with as-
designed. The importance of Quality Control/ Quality Assurance (QC/QA) specifications has 
been realized by state and federal departments of transportation based on years of experience 
which show that premature distress or failure is a result of divergence from either material or 
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construction specifications. Many state highway agencies (SHAs) in the US control volumetric 
properties of the asphalt mixtures. These properties are typically air voids (AV), asphalt content 
(AC), and aggregate gradation, which in turn are required to meet the production and 
construction specifications of certain asphalt mixtures, and assumed to be related to the 
performance level. These volumetric specifications, based on years of observed knowledge, were 
found to be insufficient to ensure long-term performance of the asphalt pavements due to the 
lack of a methodological linkage to the pavement performance. Questions relating to the 
effectiveness of the current volumetric based specifications led many states to incorporate 
laboratory measured performance properties to evaluate mixture resistance to distresses.  
Louisiana’s current QC/QA practice for asphalt mixtures in pavement construction is 
based on controlling volumetric properties of mixtures and compacted asphalt mixture layers. 
Parameters such as gradation, AC, VA, voids filled with asphalt (VFA), pavement density, and 
surface smoothness are included. Developing PBS, which rely on fundamental mechanical 
asphalt mixture properties as performance predictors, are needed. These specifications must be 
verified to actual field performance in order to complement current QC/QA specifications. The 
performance predictors are combinations that represent traffic loading and environment 
conditions. Through the proposed research, the mechanistic properties at high and intermediate 
temperatures are investigated and calibrated with field performance to develop a framework for 
PBS. 
1.3 Objectives 
The ultimate objective of this study is to develop a framework for the PBS for new and 
rehabilitated asphalt pavements.  Specific objectives include:  
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1. Characterize the mechanical engineering properties of the plant produced-field 
compacted (PF) specimens.  
2. Obtain the pavement performance data from the pavement management system (PMS) of 
the selected asphalt pavement sections.  
3. Compare the field test results to the lab measured properties (i.e., rutting, and cracking).  
1.4 Scope 
To achieve the aforementioned objective of this study, nine different projects, 
incorporating twenty-one mixtures having a good plant record of mixture consistency, were 
selected throughout Louisiana. Of the nine projects, six are rehabilitation and three are new 
projects. Most of the technologies, such as reclaimed asphalt pavement (RAP), crumb rubber 
modified asphalt, and warm-mix asphalt (WMA) mixtures, were included in the selected 
projects, apart from conventional hot-mix asphalt (HMA). Field core samples were obtained 
from selected existing field projects, which in this study were referred to as PF sample types. 
Mechanical tests were conducted on the PF samples to evaluate rutting (permanent deformation), 
as well as, fatigue/fracture performance of the mixtures at high and intermediate temperatures.  
The laboratory testing factorial was inclusive of the loaded wheel tracking (LWT) test, 
semicircular bend (SCB) test, and indirect tensile dynamic modulus (IDT E*) test. In addition to 
this laboratory testing suite, field distress survey data (rutting and cracking) from Louisiana-
Pavement Management System (LA-PMS) using Automatic Pavement Analyzer (ARAN) were 






CHAPTER 2 : LITERATURE REVIEW 
This chapter documents the evolution of the construction specifications incorporated into 
the paving industry over time. It also summarizes candidate laboratory test methods that are 
applicable to the performance-based evaluation and characterization of the asphaltic mixtures.  
2.1 QC/QA Construction Specifications 
The construction of high quality, long-lasting pavements requires adequate construction 
specifications to ensure that as-constructed HMA pavement is consistent with as-designed 
pavement. For that reason, different types of specifications have been used by transportation 
agencies (2). Several stages of production of HMA incorporates variability into the final 
composition of the mixture and leads to variability into the volumetric and performance of a 
given mixture design (3). The major types of these transportation construction specifications are: 
1. Method Specification 
2. End-Result Specification 
3. Quality Assurance (QA) Specification 
4. Performance-Related Specification (PRS) 
5. Performance-Based Specification (2) (PBS) 
Typical volumetric properties of the HMA required for HMA production and 
construction specifications are air voids, asphalt content, and aggregate gradation, assumed to be 
related to an arbitrary level of performance. As mentioned above, HMA quality is defined by 
how the as-build mixture meets the job mix formula (JMF) requirements for the as-designed 
mixture. According to AASHTO report, many transportation agencies have migrated from 
Method Specifications to QA Specifications over time. However, many national efforts have 
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focused on the development and implementation of PRS and PBS which sometimes may be 
referred to as interchangeable (4). 
According to the NCHRP Report 455, nearly 18 billion dollars were spent annually in the 
United States for placing more than 550 million tons of HMA. There could be large economic 
savings by small improvements in the life of HMA to many public agencies and private groups 
who are responsible for funding, construction, rehabilitation and maintaining pavements (4). 
Table 2.1 shows the types of pavement construction specifications together with the advantages 
and disadvantages. 
Table 2.1 explains that the evolution of the transportation construction specifications 
displays a transition which began from Method Specifications with prescriptive and inspection 
intensive. The End-Result Specifications were, however, dismissed due to its shortcomings in 
related known variability and anticipated pavement/product performance. This ultimately led to 
the development of QA Specifications, which mainly focused on controlling the volumetric 
properties of compacted asphalt mixtures such as AV, AC, and aggregate gradation evaluated by 
the involvement of statistics. These are assumed to be related to long-term product performance. 
However, there is no fundamental correlation to ensure that these volumetric properties are 
sufficient to provide satisfactory long term performance of the asphalt pavements. Since, there is 
no methodological linkage of how the volumetric properties led to the anticipated performance 
of the final product, leads to the necessity to implement a complete PBS to be complimented to 
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 Quality control responsibility is often not clearly 
defined.  
 The target values for acceptance and limits are 
based on subjective experience rather than on 
historical data.  
 Limited testing of the in-place samples do not 
provide for timely identification and leads to 
reject the acceptable material when taken as 



















 Random sampling and Lot-by-Lot sampling are 
utilized by mathematical probability based QA 
specifications.  
 An acceptable product based on a real-time basis 
could be produced by the contractor.  
 QA spec gives the multiple measurements more 
importance than the individual within an entire 
Lot.  
 The concept of lot acceptance is based on the 
percentage of material within specified limits.  
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 Acceptance based on measurement of the finished 
product’s fundamental engineering properties that 
predict performance.  
 Acceptance limits established using a statistically 
valid basis.  
 Mathematical models used to quantify the 
relationship between the fundamental engineering 
properties measured and product performance.  
 Price adjustments based on the expected LCC of 
the constructed transportation facility.  
 
Simply, the PBS focuses on the measured (not predicted) fundamental engineering 
properties (i.e., resilient modulus, dynamic modulus (E*), etc.). On the other hand, the PRS 
concentrate on key quality characteristics, such as volumetric properties of HMA (i.e., voids in 
mineral aggregate (VMA), AV, VFA, gradation, as well as, AC; these properties predict certain 
fundamental engineering properties to be controlled at the time of construction. Currently a 
complete PBS system does not exist. However, the Superpave Performance Graded Asphalt 
Binder (PGAB) specifications, developed through the Strategic Highway Research Program 
(SHRP) research program (2), provide an example of a partial PBS with only one component to 
be considered. Research has been currently underway through Federal Highway Administration 
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(FHWA), National Cooperative Highway Research Program (NCHRP), and Transportation 
Research Board (TRB) research programs for further development and validation of 
performance-based tests. 
 
Figure 2.1: HMA Construction Specifications in US DOTs 
 
In 2002, Butts et al. conducted a survey which involved participation from 45 SHA (5). 
Arizona, Iowa, New Mexico, Tennessee and Rhode Island did not respond to the questionnaire. 
From this survey result, it was found that 40 or almost 90% of SHAs implemented a QC/QA 
program for asphalt pavement construction. In addition to this research, an extensive literature 
review was conducted on 50 state Department of Transportation’s (DOT) material specification 
books. As shown in Table 2.2, a comprehensive summary of plant quality control characteristics, 
field quality control characteristics and pay factors are presented. Connecticut, Delaware, 
Hawaii, Massachusetts and Montana are the only SHAs which did not implement a QC/QA 
program. Delaware and Massachusetts expect to implement a QC/QA program in the near future. 






Among the states, 40 state DOTs practice a QC/QA, while 10 state DOTs practice Method 
Specifications with no pay factor. From the table, it was observed that in Louisiana, current 
construction specifications are based on volumetric properties along with the pay factors. In 
addition, a pictorial representation has been presented regarding the percentage of the states, 
using the construction specifications. Figure 2.1 presents a pie chart representation.  
2.2 Performance-Related Specifications (PRS) 
According to NCHRP Report 455, PRS are: “QA specifications that describe the desired 
levels of key materials and construction quality characteristics that have been found to correlate 
with fundamental engineering properties that predict performance” (6). 
 
This type of specification utilizes key construction quality characteristics (VA, AC, 
VMA, etc.), which are amenable to acceptance testing at the time of construction, and Life Cycle 
Costs (LCC) relationships that are correlated to field performance. These specifications are based 
on quantified mathematical models between measured quality construction characteristics at the 
time of construction and subsequent critical pavement performance factors (i.e., permanent 
deformation, fatigue cracking, low-temperature cracking, and loss of skid resistance) that are 
based on long term evaluations of field projects. The major features of PRS include: 1) End-
result Specifications; 2) Statistically based sampling plans and decisions that consider the 
variability inherent to the finished product and the variability in sampling and testing; 3) 
Acceptance based on key quality construction characteristics that have been found to correlate 
with fundamental engineering properties that predict performance; 4) Mathematical models that 
are developed to quantify the relationship between materials, construction quality characteristics 
and performance; and 5) Pay adjustments (incentive/disincentives) that relate to the expected 




Table 2.2: Quality Characteristics for QC by SHAs (5) 




Alabama Gradation Ac, Density 
AC, smoothness, Gmm @ Nd, density, 
Max Specific Gravity 
Alaska Gradation AC, density   
Arizona Gradation, AC, AV density density, gradation, AV, AC 
Arkansas 








density  No 
Colorado TSR, Gradation, AC smoothness Gradation, t* 
Connecticut Gradation, AC density density, gradation 










Florida AC, AV, gradation 
density, 
smoothness, t 
AC, AV, density 




AC, gradation, AV 
Hawaii 
Gradation, AC, 
stability, flow, AV 
t, AC  No 
Idaho AV, VMA, density 
smoothness, 
density 
AV, VMA, density, smoothness 
Illinois 










smoothness, density, AC, AV, VMA 
Iowa 
TSR, AV, Gradation, 
AC 
density, AV, t, 
TSR 




Density, t density, AV, smoothness, Gradation 
Kentucky AC, VMA, AV density AC, VMA, AV, density 
Louisiana AV, VMA, Gradation 
Density, 
smoothness 
AV, VMA, Gradation, density, 
smoothness 
Maine 
Gradation, VFA, AV 
@ Nd, VMA 
density Gradation, AV @ Nd, AC, VFA,VMA 





(Table 2.2 Continued) 






Gradation, AC Density Density 

















Missouri AV, stability, VMA, TSR, Gradation 
t, density, 
smoothness, AC density 
Montana AV, Gradation Density 
Gradation, 
density 






ITS(conditioned), ITS (unconditioned), 
AC, AV, VMA, Gradation 
AC, smoothness, 
density  No 
New 
Hampshir
e Gradation, AV smoothness, t, AV  No 
New 










York Gradation, AC Density Density 
North 











Ohio Gradation, AC, D/A, Hamburg Density 
AC, gradation, 
density 
Oklahoma gradation, AC, AV density, AC Density, AC, AV 




nia AC, density density density 
Rhode 




(Table 2.2 Continued) 





Carolina Gradation, TSR, D/A    No 
South 
Dakota 
Gradation, AC, VA, VMA, Gmm, D/A, 
Marshall Stablility, Marshall flow t, density density 
Tennesse
e 
Gradaation, AC, VA, VMA, Gmm, D/A, 
masrshall stability, TSR density, gradation 
Gradation, 
density 
Texas Gradation, VA, VMA, density, AC, Hamburg 
Density, AV, 
smoothness Density, AV 
Utah Hamburg, Gradation, VA, VFA, density Density 
gradation, AC, 
density 
Vermont Gradation, AV, VMA, VFA AV AV 
Virginia TSR, Gradation, VA, D/A, VA, AC 


























 t= Temperature Tolerance, AC= Asphalt Content, AV= Air Voids, VMA= Voids in 
Mineral asphalt, VFA= Voids filled with Asphalt, TSR= Modified Lottman Test, D/A= 
Dust/Asphalt Ratio, ITS= Indirect Tensile Test.  
 
Scholz et al. presented a framework for HMA performance related specification (7). This 
framework provided pay factor as an output and was divided into a preconstruction and post 
construction phase. In the preconstruction phase, the framework considered as-design 
Acceptance Quality Characteristic (AQC), performance models etc., as inputs and generates 
outputs. In other words, such a specification helps provide a relation between the contractor in 
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bidding and a pay factor. As a result, this facilitated the contractor in setting a target to achieve 
construction goals. In the post construction phase, the framework considered as-constructed 
AQC means and standard deviations as input and generates a pay factor as output. 
A NCHRP 9-22 project (2011) was conducted where the researchers introduced new 
methodologies for models and pay adjustments by developing a Quality Related Specification 
Software (QRSS) for a PRS (9), the Monte Carlo Simulation (MCS) for rut depth and fatigue 
cracking prediction, and the Rosenblueth method for thermal cracking prediction. The rut depth 
obtained was a function of effective dynamic modulus (E*eff) that, for each sub layer, was 
obtained from Witczak predictive equation (WPE) (8). Every simulation generated an     
  value 
and a corresponding rut depth. A set of     
  and rut depth values was generated for the MCS. The 
rut depth model was based on a database of 864 runs of Mechanistic Empirical Pavement Design 
Guide (MEPDG). The NCHRP 9-22 rut depth showed an excellent correlation with an R
2
 value 
of 0.996. Similarly, a closed form solution (CFS) was developed for fatigue cracking and was 
dependent on structural characteristics of pavement.  This CFS correlated a number of traffic 
repetitions to failure with asphalt thickness, composite foundation modulus, and voids filled with 
bitumen. The CFS took probabilistic input variables and provided an accurate prediction result of 
fatigue cracking proven by the correlation factor of 0.998. 
In NCHRP 9-22 projects, attempts were made to develop a CFS for thermal cracking, but 
these attempts failed. A mechanistic model, similar to MEPDG, was developed to predict 
thermal cracking and was found to be better than a probability approach. A correlation 
coefficient of 0.999 was found between MEPDG thermal cracking model and new Arizona State 
University (ASU) thermal cracking model. 
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NCHRP researchers abandoned the concept of pay factor based on LCC analyses because 
they felt that LCC was not the right tool for pay adjustment, since the analysis considered 
arbitrary future maintenance and rehabilitation cost. The result not only might have differed from 
reality, but the methodology needed to consider a long period for analysis; all the considered 
scenarios might have changed with time. Therefore, a predicted life difference (PLD) concept 
was used to determine pay adjustment; no exact relationship for PF-PLD was established. 
However, one region of PF-PLD was suggested for which the contractor must remove and 
replace, while a second region was suggested for which no penalty or benefit was extended to the 
contractor and a third region allowed a bonus for the contractor. A PLD was used to estimate the 
pay factor for each individual lot and distress category, and the total pay factor for a distress 
category is found from all lot pay factors. Rutting, fatigue and roughness indices were used as 
distress categories. The total cost of the project was obtained by summing up two costs obtained 
from these two categories (9). 
2.3 Performance-Based Specifications (PBS) 
AASHTO defined the Performance-Based Specifications as: “QA specifications that 
describe the desired levels of fundamental engineering properties (e.g., resilient modulus, creep 
properties, and fatigue properties) that are predictors of performance and appear in primary 
prediction relationships (i.e., models that can be used to predict pavement stress, distress, or 
performance from combinations of predictors that represent traffic, environmental, roadbed, and 
structural conditions)” (2).  
The primary features include: 1) Acceptance based on laboratory measurement (not 
prediction) of the finished product’s fundamental engineering properties that predict pavement 
performance; 2) Acceptance limits which are based on statistically sound methods and analysis; 
3) Mathematical models used to quantify the relationship between measured (not predicted) 
fundamental engineering properties and pavement performance; and 4) Pay adjustments based on 
the expected LCC of the constructed pavement (2). However, in addition to the asphalt binder, 
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the other components of the asphalt concrete pavement and their related fundamental engineering 
properties must be studied to produce comprehensive models to predict pavement performance. 
According to the above mentioned requirements to establish a PBS for flexible pavements use 
the following 5-step algorithm (10):  
1) The fundamental engineering properties used in the structural design process (e.g., resilient 
modulus, and E*) should be included as the construction quality characteristics.  
2) A pre-construction laboratory test should be carried out to determine the suitability of selected 
materials in terms of modulus.  
3) Adequate target moduli for asphalt concrete should be established based on the results of the 
laboratory tests.  
4) The variation in HMA modulus with temperature should be characterized.  
5) Field quality tests should be conducted during the construction ensuring that the target 
modulus has been achieved.  
Williams et al. (2005) reported on the development of an empirical relationship based on 
PBS principles between the Asphalt Pavement Analyzer (APA), which measures permanent 
deformation, field performance, and results from APA testing of ten different HMA mixture 
designs evaluated in Michigan. It was shown that there was a great deal of variability between 
the measured APA cycles to failure and the amount of Equivalent Single Axle Load’s (ESAL) to 
rutting failure predicted by the empirical rut prediction model. It was further concluded that it 
may not be feasible to base a rut prediction model based on APA data (11).  
Burati et al. (2004) evaluated procedures for QA specifications. His study showed that 
the only PBS being used throughout the states was Superpave specification that only addresses 
the asphalt cement performance grading (PG). He also recommended the percent within limit 
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(PWL), or its complement which is percent defective (PD), as the best quality measure that 
combined the sample mean and standard deviation into a single measure of quality (12).  
Mohammad et al. (2007) investigated the variability in the mechanistic properties of 
HMA due to mix production and the relationship between stiffness of HMA obtained from in-
situ Non-Destructive Testing (NDT) tests and laboratory tests. The study considered 
conventional and vacuum sealing lab density tests and the Pavement Quality Indicator (PQI) in-
situ test for physical property measurement. They also used three types of NDT devices, Falling 
Weight Deflectometer (FWD), Light Falling Weight Deflectometer (LFWD), and Portable 
Seismic Pavement Analyzer (PSPA), along with four laboratory mechanistic tests, including the 
Indirect Tensile Strength (ITS) test, the Indirect Tensile Resilient Modulus (ITMr) test, the 
Frequency Sweep at Constant Height (FSCH) test, and the LWT test, to study the fundamental 
engineering properties of HMA. They found that SGC samples had higher mechanistic properties 
than roadway cores. They also observed good correlations between roadway cores and SGC 
samples in terms of complex shear moduli and ITMr (13).  
Bennert et al. (2011) evaluated the implementation of the Performance-Based HMA 
mixtures regarding design and quality control for “specialty” asphalt mixtures specified by the 
New Jersey DOT.  The specialty mixtures, according to the study, were defined as the different 
mixture types for specific pavement applications and bridge deck overlays, for which different 
test procedures and performance criteria were established. A performance based testing was 
conducted on the mix produced during mix design; test strip construction, as well as project 
production as-constructed mixtures, met the performance requirements of the as-designed 
continually. This study emphasizes four different specialty mixes: 1) High Performance Thin 
Overlay (HPTO); 2) Binder Rich Intermediate Course (BRIC); 3) Bridge Deck Waterproofing 
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Surface Course (BDWSC); 4) Bottom Rich Base Course (BRBC). For these entire specialty 
mixtures, performance tests were conducted for both plant produces- lab compacted (PL) and PF 
sample types. Three tests were chosen to evaluate the rutting and fatigue cracking, the APA, the 
Flexural Beam Fatigue, and the Overlay Tester (OT). This research suggested that HPTO, for 
acceptance, must achieve a maximum of 4.0 mm of rutting at 8000 loading cycles in the APA at 
testing conditions of 64°C, 100 psi hose pressure, and 100 lb wheel loads. Similarly for BRIC, 
the mixture must achieve a maximum of 6.0 mm in the APA and a minimum of 700 cycles in the 
OT (14).  
Wilson et al. (2012) recommended the specifications for thin overlays in Texas, using the 
laboratory evaluation of the mixtures. This study mainly considered a fine dense-graded mix 
(fine DGM), a fine-graded Stone Matrix Asphalt (fine SMA), and a fine-graded permeable 
friction course (fine PFC). Wilson’s research included the specifications for minimum material 
quality levels, laboratory performance criteria and construction recommendations for the existing 
11 projects. Hamburg Wheel testing and OT were the two lab tests chosen to evaluate the rutting 
and cracking properties of the mixtures. For the Hamburg Wheel testing, a maximum of 12.5 mm 
rutting was defined as failure; on the other hand, all the mixtures required a minimum of 300 
cycles in the OT. Based on the testing results, 80% of the mixtures were successful in using the 
proposed specifications for material selection, design and testing. The SMA mixture was also 
tested with 15% of RAP and passed the criteria for rutting and cracking tests (15).   
Vazquez et al. (2010) conducted a research to evaluate the acceptance criteria on the 
performance of HMA mixtures using a suite of laboratory performance tests. The research 
included the performance tests ITS, Hamburg Wheel Tracking Device (HWTD), and the Texas 
OT. These three tests were selected to assess the performance of five typical TxDOT mixtures 
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using changes within the allowed ranges in binder content, gradation and densities. The study 
concluded that an expected performance may be improved by increasing the binder content 
without compromising the expected deformation resistance by HWTD. By increasing the asphalt 
content, there is an expected significant improvement in fatigue sensitivity (16). The results 
suggested that OT identified no significant trends, which is a result of dense-graded mixtures 
(DGM) being tested with low expectations of performing well with OT. In the category of 
gradation, it was concluded to better evaluate the test results based on a case-by-case basis, due 
to an irregular trend; some mixtures suggested avoiding the finer side of operational tolerances. 
In the category of density, the range used for this research proved to be insufficient for 
quantifying the effect of density in the performance of the mixtures tested.  
2.4 Laboratory Performance Tests  
2.4.1 Asphalt Rutting Test Methods 
A HMA pavement layer is necessary to resist against rutting under high tire contact 
pressure and with a large number of load repetition. Rutting in HMA occurs because of a 
combination of densification (decrease in volume and air void) and shear deformation (equal 
volume movement and increase in air void content). Past researches have shown that shear 
deformation, rather than densification, presents the primary reason for rutting in a well-
compacted HMA layer. Resistance to permanent deformation or shearing stress has been defined 
as a stability-related phenomenon. For this reason, stability was considered to be the main 
property for HMA design, with respect to rutting. Following the new mix design process 
generated by the SHRP, other laboratory tests have been developed to characterize the permanent 
deformation properties of HMA mixtures. Christensen et al. (2005) summarized the available 
tests after SHRP, which is presented in Table 2.3 (17).  
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Aschenbrener et al. (1992) utilized the HWTD to investigate the performance of several 
HMA mixtures at the Colorado DOT. Four types of mixtures were produced using four different 
source aggregates with AC-20 asphalt. Each mix type had a control, a lime-modified, and four 
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liquid-treated (additives) mixtures. Liquid additives were added at 0.5% by the weight of asphalt. 
This study concluded that liquid additives may not be able to improve the rutting performance of 
HMA mixtures (18).  
Miller et al. (1995) studied the effectiveness of Georgia Loaded Wheel Tester (GLWT) 
device for predicting rutting by using field rutting data and field cores collected from 13 
pavements. Test results showed that when pavement surface type and project elevation are 
considered, a good correlation existed between GLWT rut depth and actual field rutting. The 
study also found that rut depths were affected by elevation due to climactic changes at elevation 
intervals (19). 
Williams and Prowell (1999) compared wheel-tracking test results by three different 
types of devices, which were then compared with WesTrack performance data. The three devices 
used were APA modified from the Georgia LWT, the French pavement rutting tester (FPRT), 
and LWT. The temperature during testing was 60°C for FPRT and APA, and 50°C for LWT. 
Researchers observed significantly high correlations between the wheel tracking data from all 
three devices and WesTrack rutting measurements. The R
2
 values were 0.83, 0.89, and 0.90 for 
FPRT, APA, and LWT, respectively (20).  
Brown et al. (2001) evaluated various test methods that can be used to predict permanent 
deformation characteristics of asphalt mixtures. Test methods evaluated were in six broad 
groups: (1) Diametric tests, (2) Uniaxial tests, (3) Triaxial tests, (4) Shear tests, (5) Empirical 
tests, and (6) Simulative tests. Seven types of LWT devices were evaluated under the 
“Simulative” test category, including APA, GLWT, LWT, FPRT, and PURWheel. Based on the 
results of this study, researchers recommended APA, LWT, and FPRT as the top three best 
devices for rutting simulation. A rut depth criterion of 8mm was recommended after 8,000 
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passes, 10mm after 20,000 passes and 10mm after 30,000 passes for APA, LWT, and FPRT, 
respectively (21).  
Yildirim and Stokoe II (2005) evaluated the correlation between LWT test results and 
field performance. Nine asphalt pavement sections were constructed and monitored for a 5-year 
period to evaluate rutting performance. Visual pavement condition surveys at the end of the 5-
year period indicated that field rutting was not significant, despite the high traffic volume on the 
test sections. Measured rut depths on all nine test sections were lower than 2.5 mm. The LWT 
test was conducted on field samples from the nine test sections, and no mixture problems (such 
as stripping, premature failure, or stiff creep slope) were detected. One of the LWT test 
parameters, wheel passes/mm, was compared with the field rutting-traffic data, ESALs/mm, to 
determine the relationship between the LWT test and field rutting performance. The resulting 
parameter ESALs/Pass ranged from 15 to 107 with an average value of 37. Thus, a single pass of 
LWT wheel may be equivalent to 37 ESALs (22).   
Mohammad et al. (2006) conducted a study to characterize the permanent deformation 
properties of asphaltic mixtures. Four tests were used to characterize the properties, such as the 
E*, flow number (Fn), frequency sweep at constant height (FSCH), and Hamburg-type loaded 
wheel-tracking (LWT) tests. They concluded that two test methods, E* and FSCH, were unable 
to characterize the permanent deformation properties for the HMA mixtures considered in this 
particular study. On the other hand, the Fn test and LWT test were found to be correlated fairly 
well, and both tests were observed to be sensitive to the high temperature response of the 
mixtures evaluated (45).   
Based on the previous research, LWT based rut depth was chosen as a reliable test 
candidate for characterizing the rutting susceptibility of the asphalt mixtures.  
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2.4.2 Asphalt Cracking Test Methods 
NCHRP 9-19 studied the E* test and indirect tensile creep compliance test for fatigue 
cracking characterization purpose (23). At present, there is not enough data to support the 
conclusion that fatigue cracking is related to E* or creep compliance (24). 
OT based fatigue cracking characterization and prediction approach is the newest method 
developed based on fracture mechanics by Zhou et al. (25). The fatigue life of asphalt pavements 
may be estimated by the fundamental HMA fracture properties (A and n) obtained from this test. 
In this approach, consideration of the fatigue crack initiation, as well as crack propagation, 
distinguishes the OT from other traditional tests, such as flexural beam fatigue-based models. 
This approach was a more fundamental test-based approach that has been validated by means of 
analyzing the FHWA-Accelerated Loaded Facility (ALF) fatigue tests; additionally, the 
approach can be easily implemented. In contrast to the traditional tests (e.g., flexural beam 
fatigue test) with their difficulties to fabricate or extract samples from the field, this test may be 
easily conducted on a lab gyratory compacted specimen and field core. Therefore, the OT may 
be recommended for fatigue cracking evaluation (24). 
The SCB test was suggested for characterizing asphalt mixture fracture property which 
was originally used in rock mechanics. Numerous research was conducted on the applicability of 
the test concluding that the SCB testing procedure is feasible for characterizing the fatigue 
fracture resistance of asphalt mixtures. This test may be conducted on both the Superpave 
Gyratory samples, as well as, roadway cores obtained from in-service pavements. The simplicity 
of the test itself makes it more adoptable, since it takes about 5-10 min to complete a single test. 
The loading increases monotonically by a constant displacement control until the specimen 
reaches its peak load for the particular notch.  
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Dongre et al. (26) used bending beam specimen to measure fracture resistance of asphalt 
mixture at low temperature and concluded that Jc is a better parameter for the characterization of 
fracture properties of asphalt mixture when compared to the plane strain critical stress intensity 
factor (KIC).  
Abdulshafi et al. (1985) proposed a fatigue model for prediction of fatigue life of an 
asphalt mixture depending on Jc value obtained from circular specimen with a V-shaped notch. 
They also suggested that the stress intensity factor ( KIC ) and critical strain energy release rate 
( Jc ) may be correlated to each other (27).  
Mull et al. (2002) introduced the SCB test to study fracture properties of chemically 
modified crumb rubber asphalt (CMCRA) pavement, crumb rubber asphalt (CRA) and control 
pavement. It was found that CMCRA, CRA and control pavements have Jc values of 1.23, 0.65 
and 0.54, respectively. CMCRA has a Jc value almost twice as much than the Jc values of CRA 
and control pavement. A Scanning Electron Microscopic (SEM) examination was used to verify 
SCB test results by cutting SCB tested sample close to the tip using the size of 25 mm by 35 mm. 
After testing, the study found that: a) the control pavement specimen was smooth with some 
ridges; b) CRA specimen was smooth with larger ridges and dimples; and c) the CMCRA 
specimens had more undulated surface with extrusions and voids compared to control and CRA 
specimens. Based on the observations from SEM, they concluded that: 1) the CMCRA pavement 
has more fracture resistance than CRA pavement; and 2) the CRA pavement has more fracture 
resistance than control pavement. This observation matches and verifies SCB test results 
obtained for these three types of pavement (28).  
Wu et al. (2005) found that the SCB test is an effective measure of fracture resistance of 
asphalt mixes and noted that the typical range of Jc values of asphalt mixtures was 0.57-1.53. The 
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study also mentioned that Jc is dependent on binder type, the NMAS and the compaction effort, 
Ndesign. Superpave mixtures consisting of harder asphalt binders tend to exhibit less Jc, which 





serve as a limit for fracture performance. The higher the value of Jc, the better the mixture 
performs. Arabani et al. (30) reported that stiffness modulus has good correlation with fracture 
test results found from SCB test, which indicates that the SCB test can be used to characterize 
the fracture properties of asphalt mixtures (29).  
Kim et al. (40) conducted a study to investigate the intermediate temperature fracture 
resistance measured by SCB Jc and ITS to correlate with the cracking performance data of 
Louisiana asphalt pavements. In this study, nine field projects were selected; their respective 
PMS distress data was obtained, based on from 2009 survey. The traffic designs for these had a 
wide range from 3-30 million ESALs and were in service for at least eight years. A combined 
cracking was computed using the sum of alligator cracking, longitudinal cracking and transverse 
cracking in file/mile. This combined cracking was normalized with the traffic experienced by 
each individual project, resulting in a crack rate in ft/mile/million ESAL’s. A linear exponential 
regression model, utilized to compare the crack rate, SCB Jc and a decent relation, was observed 
with an R
2
 value of 0.58. This indicated the potential of the SCB test method to estimate the 
cracking performance of asphalt pavements; however, scientific inquiry requires further 
validation with data. 
Based on previous research, the SCB test was chosen as a reliable candidate test for 




CHAPTER 3 : METHODOLOGY 
3.1 Introduction 
The experimental program adopted in this study mainly emphasizes evaluation of the 
laboratory mechanistic properties of asphalt mixtures and field distresses of selected pavement 
sections. This chapter documents the field projects selected for laboratory testing and the field 
distresses evaluation in addition to the methodology involved in fabricating the specimens. This 
chapter also provides a detailed methodology of the research approach employed in this study.   
3.2 Field Projects and Materials 
3.2.1 Field Projects 
In this research, nine field projects with twenty-one different asphalt mixtures were 
selected through a consultation with LADOTD (Louisiana Department of Transportation and 
Development) construction and research personnel. Of the nine field projects selected, six were 
existing field projects and three were new field projects. Existing projects were selected to 
compare the field performance over time with their corresponding laboratory measured 
mechanistic properties. The six existing field projects are I10Egan, I10 Vinton, LA964, LA3121, 
LA116, and US171. A comparison was also made between standard and pseudo PBS 
methodologies adopted in this research study. Three new field projects were selected for this 
comparison with an explicit explanation of the approach methodologies in the later part of this 
chapter. The new projects considered in this study are LA10, LA3235, and US90. An advisory 
project selection group to guide the research team in the selection of the field projects was 
established with key LADOTD specification, design and construction engineers, as well as 

















Location No.1 Location No. 2 Location No. 3 
Direction of 
Traffic 
good plant record of mixture consistency. Various technologies like WMA, RAP with varying 
contents were included, in addition to the conventional HMA. All of the relevant information 
regarding the projects (i.e., design and construction records) was obtained, including the JMF’s.  
Factors considered in the selection of the field projects may include:   
 Aggregate related – aggregate type, size, and gradation 
 Asphalt binder related – range of PG asphalt binders commonly used in the State 







Figure 3.1: Schematic of Field Core Sampling Locations 
 
Figure 3.1 shows the schematic of field core sampling locations. At each selected project, 
test locations were selected approximately 50 feet apart along the traffic direction of the project. 
Sufficient cores to conduct the mechanical testing were extracted from different locations 
between the wheel paths of the projects. The typical section of a selected project would be 0.1 
mile segment. The obtained cores were then carefully transported to the laboratory and were 
fabricated according to the testing protocol for conducting mechanical tests. Figure 3.2 shows the 













Figure 3.2: Map Showing All the Selected Field Project Locations 
 
Table 3.1 summarizes the selected field projects in this study along with the individual 
asphalt mixtures for the individual field projects. The sample types and NMAS included were 
also documented in this table for each of the twenty-one asphalt pavement mixtures. The WMA 
technology employed in each of the field projects was also included along with the type of 
mixture. The laboratory suite of tests consisted of LWT, SCB and IDT E* for the 
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12.5 
BC HMA 19.0 
WC WMA1 Superpave 
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BC WMA 19.0 
LA3235 
WC HMA 12.5 
BC HMA 19.0 
LA10 
WC HMA 12.5 
BC HMA 19.0 
 WC= Wearing Course, BC= Binder Course 
3.2.2 Materials 
The mixtures employed in this research were designed at two traffic levels, Level 1 (less 
than 3 million ESAL’s) and Level 2 (more than 3 million ESAL’s), meeting the Louisiana 
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specifications for PG 70-22M, PG 76-22M, and PG 82-22M. All of the asphalt mixtures with a 
NMAS of 12.5 mm were designed to serve as a wearing course (WC) except Project LA964, 
which was 19.0 mm. Most of the asphalt mixtures with a NMAS of 19.0 mm were designed to 
serve as the binder course (BC) except for LA964 and I-10 Egan which is 25.0 mm. LA964 WC 
and LA964 BC were 19 mm and 25 mm, respectively, type eight Marshall Design mixtures. I-10 
Vinton WC was a 12.5 mm Superpave Stone Matrix Asphalt (SMA). Of the six existing field 
projects, LA3121, LA116, and US171 were designed to serve Level 1 traffic. I10 Egan, I10 
Vinton, and LA 964 were designed to serve Level 2 traffic. All of the new projects LA 10, LA 
3235 and US 90 were designed to serve the Level 1 traffic.  
Tables 3.2 through 3.7 documents JMF’s for all twenty-one mixtures adopted in this 
study to evaluate. The figures 3.3 through 3.5 illustrate the aggregate gradation of the all the 
mixtures by NMAS size graphically.  
Table 3.2: Job Mix Formula of I10 Egan, I10 Vinton, LA964 
Mixture Designation 










13% ¾ SS 
32% ½ SS 
10% #7 LS 
5% #8 LS 
40% #11 LS 
32% #5 LS 
20% #67 LS 
22% #8 LS 
18% #11 LS 
8% Sand 
50% #78 SS 
25% #78 LS 
13% #11 LS 









32.3% #5 LS 
6.2% #67 LS 











Binder Type PG 76-22M PG 76-22M PG 76-22M PG 76-22M PG 76-22M 
% Gmm at NIni 
84.1 85.4 N/A N/A N/A 
% Gmm at NMax 





(Table 3.2 Continued) 
Mixture Designation 













4.0 6.0 4.4 4.0 
Design air void, % 4.0 4.0 4.0 4.0 4.0 
VMA, % 
14.5 12.8 16.6 13.8 12.7 
VFA, % 
72 69.5 76 71 69 
Metric (U. S.) Sieve Blend Gradation 
37. 5 mm (1½ in) 
100 100 100 100 100 
25 mm (1 in) 
100 96 100 100 96 
19 mm (¾ in) 
100 87 100 98 83 
12. 5 mm (½ in) 
98 68 93 83 65 
9. 5 mm (⅜ in) 
89 59 71 73 59 
4. 75 mm (No. 4) 
50 35 30 50 47 
2. 36 mm (No. 8) 
29 23 20 35 35 
1. 18 mm (No. 16) 
19 17 - 25 26 
0. 6 mm (No. 30) 
13 13 15 18 20 
0. 3 mm (No. 50) 
10 7 12 12 11 
0. 15 mm (No. 100) 
- 4 - 6 6 
0. 075 mm (No. 200) 







Table 3.3: Job Mix Formula for LA 3121 Project 
Mixture Designation LA3121-H1 LA3121-W1 LA3121-W2 
Mix Type HMA WMA WMA 
Aggregate 
Blend (%) 
#78 25.7 25.7 21.4 
#11 SP 25.7 25.7 21.4 
KY 11 21.4 21.4 17.9 
C.Sand 12.9 12.9 10.7 
RAP 14.3 14.3 28.6 
Binder Type PG 70-22M PG 70-22M PG 70-22M 
% Gmm at NIni 84.2 84.2 84.2 




Asphalt 4.1 4.1 4.1 
From RAP 0.7 0.7 0.7 
Total 
(Design) 
4.8 4.8 4.8 
Anti-Strip 0.5 0.5 0.5 
Design air void, % 4.1 4.1 4.1 
VMA, % 15 15 15 
VFA, % 73 73 73 
Metric (U. S.) Sieve Blend Gradation 
37. 5 mm (1½ in) 100 100 100 
25 mm (1 in) 100 100 100 
19 mm (¾ in) 100 100 100 
12. 5 mm (½ in) 98 98 98 
9. 5 mm (⅜ in) 87 87 87 
4. 75 mm (No. 4) 53 53 53 
2. 36 mm (No. 8) 34 34 34 
1. 18 mm (No. 16) 23 23 23 
0. 6 mm (No. 30) 18 18 18 
0. 3 mm (No. 50) 11 11 11 
0. 15 mm (No. 100) 6 6 6 
0. 075 mm (No. 200) 8 8 8 
Gsb Aggregate 2.652 2.652 2.652 
Gmb (N des) 2.402 2.402 2.402 
Gse 2.658 2.658 2.658 
Pabsorb 0.09 0.09 0.09 





Table 3.4: Job Mix Formula for US171 Project 
Mixture Designation US171H US171W1 US171W2 
Mix Type HMA WMA WMA 
Aggregate 
Blend 
5/8" Stone 10% 11% 10% 
1/2" Stone 52% 46% 38% 
RAP 15% 15% 30% 
Screens 10% 15% 15% 
C.Sand 7% 13% 7% 
F.Sand 6% - - 
Binder Type PG 70-22M PG 70-22M PG 70-22M 
% Gmm at NIni 88.7 88.7 88.2 




Asphalt 4.2 4.3 4 
From RAP 0.8 0.7 1.4 
Total (Design) 5 5 5.4 
Anti-Strip 0.6 0.6 0.6 
Design air void, % 3.4 3.3 3.6 
VMA, % 14.5 14.5 14 
VFA, % 78 78 75 
Metric (U. S.) Sieve Blend Gradation 
37. 5 mm (1½ in) 100 100 100 
25 mm (1 in) 100 100 100 
19 mm (¾ in) 100 100 100 
12. 5 mm (½ in) 93 94 93 
9. 5 mm (⅜ in) 82 81 82 
4. 75 mm (No. 4) 50 55 53 
2. 36 mm (No. 8) 34 40 38 
1. 18 mm (No. 16) 27 30 28 
0. 6 mm (No. 30) 23 25 22 
0. 3 mm (No. 50) 18 20 17 
0. 15 mm (No. 100) 8 10 10 
0. 075 mm (No. 200) 5 5 6 
Gsb Aggregate 2.642 2.642 2.651 
Gmb (Ndes) 2.376 2.386 2.397 
Gse 2.65 2.666 2.703 
Pabsorb 0.12 0.35 0.75 





Table 3.5: Job Mix Formula for LA116 Project 
Mixture Designation LA116H1 LA116W1 LA116H2 LA116W2 
Mix Type HMA WMA HMA WMA 
Aggregate 
Blend 
#78 LS 21.5 21.5 24.3 24.3 
# 89 LS 14.6 14.6 - - 
RAP 14.1 14.1 18.9 18.9 
11 LS 36.9 36.9 26.8 26.8 
C Sand 12.9 12.9 12.2 12.2 
#67 LS - - 17.8 17.8 
Binder Type PG 70-22 PG 70-22M PG 70-22 PG 70-22M 
% Gmm at NIni 88.1 88.1 88.4 88.4 
% Gmm at NMax 97.4 97.4 97.3 97.3 
Binder 
content, % 
Asphalt 3.7 3.7 3.7 3.7 
From RAP 0.9 0.9 1.1 1.1 
Total 
(Design) 
4.6 4.6 4.1 4.1 
Anti-Strip 0.6 0.6 0.6 0.6 
Design air void, % 3.7 3.7 3.5 3.5 
VMA, % 14 14 13 13 
VFA, % 74 74 73 73 
Metric (U. S.) Sieve Blend Gradation 
37. 5 mm (1½ in) 100 100 100 100 
25 mm (1 in) 100 100 100 100 
19 mm (¾ in) 100 100 96 96 
12. 5 mm (½ in) 99 99 86 86 
9. 5 mm (⅜ in) 88 88 73 73 
4. 75 mm (No. 4) 63 63 50 50 
2. 36 mm (No. 8) 44 44 37 37 
1. 18 mm (No. 16) 33 33 29 29 
0. 6 mm (No. 30) 26 26 23 23 
0. 3 mm (No. 50) 15 15 13 13 
0. 15 mm (No. 100) 8 8 8 8 
0. 075 mm (No. 200) 6 6 6 6 
Gsb Aggregate 2.657 2.657 2.657 2.657 
Gmb (Ndes) 2.341 2.341 2.357 2.357 
Gse 2.679 2.679 2.67 2.67 
Pabsorb 0.32 0.32 0.19 0.19 













Mix Type HMA HMA HMA 
Aggregate 
Blend (%) 
#78  - 5.8 
#67 SS 18.9 30.0  





C.Sand 9.0 11.9 11.2 
M. Sand - 16.8 17.0 
#67 LS   6.2 
RAP 14.3 19.1  
Binder Type PG 82-22CR PG 70-22M PG 70-22M 
% Gmm at NIni 88.5 89.6 90.8 




Asphalt 4.3 4.3 3.4 
From RAP 0.7 0.9 1 
Total 
(Design) 
5.0 5.2 4.4 
Anti-Strip 0.6 0.6 0.6 
Design air void, % 3.7 3.5 3.4 
VMA, % 13 14.2 13.1 
VFA, % 72 75 76 
Metric (U. S.) Sieve Blend Gradation 
25 mm (1 in) 100 100 100 
19 mm (¾ in) 100 100 99 
12. 5 mm (½ in) 97 95 90 
9. 5 mm (⅜ in) 89 85 77 
4. 75 mm (No. 4) 60 65 55 
2. 36 mm (No. 8) 39 45 43 
1. 18 mm (No. 16) 28 33 31 
0. 6 mm (No. 30) 21 24 24 
0. 3 mm (No. 50) 13 14 13 
0. 15 mm (No. 100) 8 8 7 
0. 075 mm (No. 200) 5.5 5.8 5.4 
Gsb Aggregate 2.529 2.575 - 
Gmb (N des) 2.322 2.331 - 
Gse 2.570 2.607 - 
Pabsorb 0.65 0.49 0.06 
Dust/Peff 1.25 1.23 1.24 
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Table 3.7: Job Mix Formula for US90-WC, US90-BC 
Mixture Designation US90- WMA WC 
US90- WMA 
BC 
Mix Type WMA WMA 
Aggregate 
Blend (%) 
#78 53 30.7 
#67 SS - 28.3 
#11 SP - 9.7 
#11LS 23.5  
C.Sand 9 12.2 
RAP 14.5 19.1 
Water 1.7  
Binder Type PG 70-22M PG 84-22M 
% Gmm at NIni 90.68 88.44 




Asphalt 4.3 2.9 
From RAP 0.5 0.9 
Total (Design) 4.8 3.8 
Anti-Strip 0.6 0.6 
Design air void, % 2.98 3.6 
VMA, % 13 12.2 
VFA, % 77 71.2 
Metric (U. S.) Sieve Blend Gradation 
37. 5 mm (1½ in) 100 100 
25 mm (1 in) 100 100 
19 mm (¾ in) 100 96.8 
12. 5 mm (½ in) 97.3 87.8 
9. 5 mm (⅜ in) 86.5 68.6 
4. 75 mm (No. 4) 53.8 40.8 
2. 36 mm (No. 8) 39.8 31.2 
1. 18 mm (No. 16) 32.5 25.2 
0. 6 mm (No. 30) 28.5 21.8 
0. 3 mm (No. 50) 19.5 12.6 
0. 15 mm (No. 100) 8.5 7.0 
0. 075 mm (No. 200) 6.4 4.8 
Gsb Aggregate 2.641  
Gmb (N des) 2.424 2.4512 
Gse 2.672 2.6744 
Pabsorb 0.46 0.25 


































Figure 3.5: Gradation Chart for 25 mm mixtures 
3.3 Sample Coring and Fabrication 
 Sample coring was conducted on random locations for every selected field project. The 
typical section length of an individual project to obtain the field cores was 1/10
th
 of a mile. For 
each project, fifteen locations were selected and were at least 50 feet apart; six were utilized for 
the SCB test, four were utilized for the LWT test,  three were utilized for IDT E* test and the 
remaining two cores were stored for backup testing. A coring rig of 6 inch outer diameter was 
used to extract the cores. Once the cores were obtained, they were safely secured and transported 
to the laboratory. The thickness of the specimens varied depending on the job plan of that 
particular site. After receiving the cores, specimens were fabricated for different mechanical 
tests, according to the specific requirements in terms of shape and dimensions. Three different 
heights were targeted in this study or the maximum possible height that can be attained during 
specimen cutting to thickness maintaining the diameter constant to 150 mm. For the SCB test, 
LWT test, and IDTE* test, 57 mm (2.24 inch), 40 mm (1.57 mm), and 38 mm (1.49 mm), 
respectively, were the targeted heights.  
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After all samples were cut to thickness, VA were measured according to the procedure 
described in AASHTO T-166 “Standard Specification for Bulk Specific Gravity of Compacted 
Bituminous Mixtures Using Saturated Surface Dry Specimens” in order to check the difference 
of the VA, from the initial which was targeted to 7.0 ± 0.5 %, the typical VA percentage of 
mixture when they are placed in the field.   
 Figure 3.6 shows a sample preparation procedure for the SCB test. Firstly, the sample is 
cut into two equal semi-circular halves. Following this step, a notch is introduced into the 
specimen according to the test method protocol.  
 
Figure 3.6: Fabrication of SCB Test 
3.4 Laboratory Test Methods 
3.4.1 Loaded Wheel Tracking (LWT) Test 
The LWT test was conducted to determine the rutting characteristics of the asphalt 
mixtures considered in this study in accordance with AASHTO T 324 “Standard Method of Test 
for Hamburg Wheel-Track Testing of Compacted Hot-Mix Asphalt (HMA)” (34). In this test, 
asphalt mixture specimens (cores or rectangular slabs) were subjected to a steel wheel weighing 
703 N (158 pounds). The wheel was repeatedly rolled across the top surface, which was 
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submerged underwater and maintained at 50
o
C. The test completion time was predicated upon 
test specimens being subjected to a maximum of 20,000 cycles or attainment of 20 mm 
deformation, whichever is reached first. Figure 3.7 shows a schematic representation of the rut 
depth calculation procedure. During each test, deflection measuring Linear Variable 
Displacement Transducers (LVDT), located on either end of the machine, measured deflections 
across the surface of the samples measuring 11 rut depths (deflection) per pass for both left and 
right wheels.  
Once the test had been conducted, the machine provided a raw data file. The file included 
11 rut depth measurements on each wheel (left and right), which is represented as L1-L11 for the 
left wheel and R1-R11 for the right wheel. The average rut depth was computed from the first 
half of the sensor measurements (L2-L5; R2-R5), to the second half of the sensor measurements 
(L7-L10; R7-R10) by neglecting the first, center, and last measurement. 
 




 In this case, the average rut depth obtained from the first half of the sensor measurements 
was considered to be the final rut depth for a single specimen. This method also provided insight 
into individual specimen resistance to rutting and moisture susceptibility. Another reason to 
adopt this computation method is to obtain more than two rut depths per test used to be 
compared with the 20-year predicted rutting of the asphalt pavement using MEPDG software 
based on PMS distress data. Therefore, these results provided an opportunity to compare a more 
precise value from the laboratory evaluation to the field distress data.  
Figure 3.8 shows the test set-up. A single test of LWT required four specimens, two for 
each wheel. Specimens will be pre-conditioned at 50 °C for 90 minutes before the testing starts. 
Figure 3.9 presents a typical LWT test output. 
 




Figure 3.9 Typical LWT Test Output 
In addition to the average rut depths obtained from each individual test of LWT, other 
parameters might also be computed from the raw data. Figure 3.10 shows a graphical 
representation of the parameters that can be measured from a typical LWT test. These parameters 
include post consolidation rut depth, a creep slope, a stripping inflection slope, and a stripping 
inflection point. The post consolidation (PC) rut depth is a rut depth obtained in mm and 
measured at 1000 passes during the testing. PC represents an initial compaction of the mix by a 
steel wheel during the early stages and is related to aggregate reorientation as the wheel passes. 
A lower PC for an individual mixture indicates that compaction during lab fabrication has met 
the optimum levels. Creep slope is a rutting measurement from the plastic flow. It can be defined 
as the inverse of the rate of deformation in the linear region after the mixture has experienced 
PC. The higher the creep slope, the higher energy must be required to deform the mixture. The 






















which is measured in mm/pass. The stripping inflection point is the number of passes where the 
creep and stripping slope cross.     
 
Figure 3.10: LWT test Parameters Calculation 
3.4.2 Semi-Circular Bending (SCB) Test 
The SCB test characterized the fracture resistance of asphalt mixtures based on a fracture 
mechanics concept, the critical strain energy release rate also called the critical value of J-
integral, Jc. The methodology of this test method was adopted from previous research studies 
(29,31,32). To determine the critical value Jc, semi-circular specimens with three notch depths 
(25.4, 31.8 and 38.0 mm) was tested. A single test of SCB typically requires six samples 
(roadway cores) fabricated into a semi-circular shape, and thereby four semi-circular specimens 
were used for each of the three notch depths. The test was conducted at 25
o
C. A semi-circular 
specimen was loaded monotonically until the fracture occurred under a constant cross-head 
deformation rate of 0.5 mm/min in a three-point bend load configuration, as shown in Figure 
3.11.  Figure 3.12 shows typical output from a SCB test for an individual mixture, respectively. 
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The Jc value is calculated by obtaining the area under the loading portion up to the peak load for 


















Figure 3.11: Set-up of Semi-Circular Bending Test (29) 
 
 
Figure 3.12: Strain Energy Calculation for SCB specimens 




The area recorded up to the peak load represents the strain energy required to failure of 
each specimen per notch depth. The average values of strain energy for each notch depth are 
plotted against the different notch depths; its slope divided by the average thickness gives the Jc. 
The Jc value is determined and used in the analysis, based on the following equation (1): 












                                                                      (1) 
 
where: 
Jc = critical strain energy release rate, kJ/m
2
; 
b = sample thickness, m; 
a = the notch depth, m; 
U = the strain energy to failure, Nm. 
3.4.3 Indirect Tension Dynamic Modulus (IDT E*) Test 
This test was a variation of the E* test that is normally performed in the axial mode.  The 
test protocol in the axial mode required specimens that were 100 mm in diameter and 150 mm 
tall.  However, cores obtained from the field did not meet the height requirements of 150 mm.  
Thus, the IDT E* test can be a viable alternative in measuring the complex modulus of the 
asphalt specimen. The testing was conducted according to the draft test procedure proposed by 
Dr. Kim (33). A sinusoidal load (i.e. haversine) compressive stress was applied to the diametric 
axis of an unconfined HMA cylindrical test specimen.  The dynamic modulus test consisted of 
testing samples at temperatures of -10, 10, and 30°C and at loading frequencies of 0.01, 0.1, 0.5, 
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1.0, 5, and 10 Hz at each temperature for the development of master curves.  The haversine 
compressive stress was applied on each sample to achieve target strain levels (40-60 horizontal 
microstrain and <100 vertical microstrain) in the linear viscoelastic region and uniformity 
coefficients in both the horizontal and vertical axes in an unconfined test mode.   
  Figure 3.13 shows the IDT E* specimen and test set up. Specimen dimensions are 150 
mm in diameter and 38 mm in thickness. While the specimen was subjected to the varying 
frequencies of sinusoidal loading through the loading strip across its thickness as shown in 
Figure 3.13 (c), the induced strain was measured using two 38.1 mm-long extensometers 
mounted on both sides of a disk shaped specimen as shown in Figure 3.13 (b).  RHEA software 
was then used to generate dynamic modulus master curves that were used in the analysis.  






P0 = Peak-to-peak load, N; 
a = loading strip width, m; 
d = thickness of specimen, m; 
V0 = peak-to-peak vertical deformation, m; 
U0 = peak-to-peak horizontal deformation, m; and 













3.5 Field Distress Survey and its 20-year projection using MEPDG 
The field distress survey of selected field projects were conducted and respective data 
was obtained from Louisiana Pavement Management System (LA-PMS) using Automatic Road 
Analyzer (ARAN). The sections below describe the procedures of the survey methodology.  
3.5.1 Louisiana Pavement Management System (LA-PMS) 
The LADOTD conducts a windshield survey to collect the visual field distress data for 
in-service asphalt pavements once every two years on a national network. An ARAN, shown in 
Figure 3.14, was utilized by LADOTD to conduct a pavement distress condition survey. All 
distress data was stored in the LA-PMS database. The data collected on the asphaltic concrete 
pavements include rutting, alligator cracking, longitudinal cracking, transverse cracking, block 
cracking and IRI. 
 
Figure 3.13: (a) Stress distribution in the IDT mode, (b) Specimen with extensometer mounted, 
and (c) Specimen in test position 
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A laser transverse profiler was used to measure the rutting values, using 1280 points 
across the lane up to four meters. On the other hand, a digital paving imaging system was used to 
record the planar-view in measuring the crack counts. Random cracking is defined as the sum of 
longitudinal cracking and transverse cracking. For the cracking data, the length of the cracking 
was summed up and reported for every 0.1 mile. For the rutting data, the mean and standard 
deviation of rutting measurements were calculated and reported for every 0.1 mile segment (39). 
The distress data (rutting and cracking) were collected for all of the selected field projects. The 
last collection cycle was completed in 2012-2013, with the oldest being from 2003. The 
performance data collected for all the cycles for the selected field projects were obtained for 
further data analysis.  
 




3.5.2 Mechanistic-Empirical Pavement Design Guide (MEPDG) 
The MEPDG for pavement design is an extensive iterative process to predict pavement 
performance with more rationality, utilizing input data such as local materials, traffic conditions, 
and also regional climate (39). The design inputs are considered to be a unique feature of the 
MEPDG. In general, heavy trafficked pavements are designed, which utilize Level-1 inputs, to 
provide the highest level of accuracy. These inputs were obtained from laboratory/field dynamic 
modulus testing, site specific axel load collection, and nondestructive deflection testing. Level-2 
inputs provide an intermediate level of accuracy and may be utilized when the lab/field data are 
not available. Level-3 inputs usually provide the lowest level of accuracy, with the values used 
possibly presenting a typical average of the region. These inputs may be used when no scope for 
early failure has been observed. The software, now termed as AASHTOWare Pavement ME 
Design, but will be referred to as MEPDG throughout this paper. An attempt was made to 
calibrate the rutting models in MEPDG according to Louisiana asphalt pavement conditions. The 
calibration method is based on a trial and error method. At a national level, all calibration models 
which are utilized to predict the final distresses such as rutting and cracking utilize unity as 
potential calibration constants. The calibration was conducted by utilizing the LA-PMS rutting 
data in such a way that the final MEPDG rutting prediction curve passes right through the PMS 
data by adjusting the calibration constants for rutting models per individual projects. Figure 3.15 
represents this procedure to predict a 20 year rutting. In this method, the Sum of Squared Errors 
(SSE) was targeted to be a minimum, when the rutting distress obtained from the prediction was 




Figure 3.15: MEPDG Projected Rutting using PMS Field Measurements 
Based on the above mentioned methodology, the laboratory-measured rut depth was 
compared to the projected 20year rut depth (RD) by utilizing the LA-PMS data. In a similar way, 
the Jc from SCB test was compared to the cracking distress data obtained from the LA-PMS.  
3.6 Comparison Analysis between Field and Laboratory Performance 
Six existing field project were chosen to conduct a comparison between the field and 
laboratory performance parameters. They were I10Egan, I10Vinton, LA964, LA3121, LA116, 
and US171. The mechanistic properties of the asphalt pavement mixtures were measured using 
the suite of laboratory testing methods mentioned earlier in this section, including LWT which 
measured rut depth and SCB which measured Jc values. The field distress data of the selected 
field projects was obtained from LA-PMS. For each mixture, a comparison was made between 
















Pavement Age (month) 
MEPDG Projected Rutting via PMS Measurements 
MEPDG PMS
RD_20 = 4.0 mm 
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laboratory test results in agreement with field test results. Since asphalt is a non-homogeneous 
and linearly elastic material, different approaches were made to compare the rutting and cracking 
distresses which are, in turn, functions dependent on temperature, loading and age.  
3.6.1 Rutting (Permanent Deformation) 
A direct comparison was possible in the case of rutting since field and laboratory measure 
the rutting in millimeters. In the category of permanent deformation of asphalt mixtures, the rut 
depths measured from the LWT test are considered as laboratory parameters and the 20-year 
predicted field rutting is considered as field distress data. Over time, comparison of these two 
parameters was conducted which includes MEPDG rut depths, LWT rut depths, and PMS 
measured field rut depths at a certain service age. In addition to this, a comparison was made 
between the MEPDG and LWT to draw the limits for acceptance based on the evaluation.   
3.6.2 Cracking (Fracture Resistance) 
A direct comparison is not possible in the case of cracking between field and laboratory 
measurements. For this reason, two different field cracking parameters were computed and 
utilized to compare with laboratory measured Jc values. They are  
1. Combined field cracking and  
2. Cracking Index (Alligator and Random). 
3.6.2.1 Combined Cracking 
LADOTD recorded the PMS data every 0.1 mile segment. The cracking distresses that 
were obtained for this research were alligator cracking, longitudinal cracking, and transverse 




                                                                                                                                          (3) 
Equation (3) was used to compute the random cracking per 0.1 mile segment for each 
individual selected field project. Similarly, the combined cracking was computed using an 
equation (4).  It may be observed from the equation that the alligator cracking was square rooted 
for the computation. This was done in order to maintain similar units between the alligator 
cracking and random cracking in ft/0.1 mile. The sum of square rooted alligator cracking and 
random cracking were then multiplied by 10 to obtain the combined cracking in ft/mile.   
                                                                                                                                           (4) 
3.6.2.2 Cracking Index  
The LADOTD, after measuring field distresses, utilized software to analyze the pavement 
condition to determine a trigger for the rate of deterioration. Table 3.8 presents an example for 
flexible pavement tentative treatments based on their distress indices. The index values range 
from 0-100; 0 being the worst and, 100 being the perfect pavement. The threshold values were 
established by the LADOTD for necessary pavement preservation treatments. A certain type of 
maintenance or rehabilitation measure was necessary based on a certain value of trigger. From 
Table 3.8, it can be said that a minimum of 90 was required to avoid thin overlay on the 
interstate. For each distress observed in a pavement, a certain deduct value was used to 
determine the distress index. These deducts represented a function of type of distress, extent of 
distress, and severity level. The procedure described by the LADOTD was followed to determine 
the cracking indices for the selected field sections in this study. The cracking types included in 
this study is alligator, longitudinal, and transverse cracking, as these were representative of 




) = 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝐶𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝑇𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝐶𝑟𝑎𝑐𝑘𝑖𝑛𝑔 
𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐶𝑟𝑎𝑐𝑘𝑖𝑛𝑔 (𝑓𝑡/𝑚𝑖𝑙𝑒) = (√𝐴𝑙𝑙𝑖𝑔𝑎𝑡𝑜𝑟 𝐶𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝑅𝑎𝑛𝑑𝑜𝑚 𝐶𝑟𝑎𝑐𝑘𝑖𝑛𝑔) 10 
53 
 
were used in this study to make a comparison with laboratory measured Jc values, alligator 
cracking index (ACI) and random cracking index (RCI). Equations (5) and (6) were used to 
compute the cracking indices.  A comparison was made with between the Cracking Index 
(Alligator Cracking and Random Cracking) and SCB Jc values to investigate the rationality of 
this approach.  
                                                                                                                                           (5) 
                                                                                                                                           (6) 
Where, 
DL = Deduct for low severity cracking, 
DM = Deduct for medium severity cracking, 
DH = Deduct for high severity cracking. 
3.7 Statistical Analysis between Performance Properties 
In this study, two types of statistical methodologies were adopted and conducted to 
estimate the robustness between the correlations, Analysis of Covariance (ANCOVA) and 
Stepwise Regression (Backward Elimination). Analyses were conducted between laboratory 
measured properties versus field measured distresses of the pavement mixtures. A Statistical 
Analysis Program (SAS) (version 9.3 English for Windows operating system) was used for the 
analysis. A Type III error rate (α) of 0.05 was utilized to differentiate any significant difference 
between the independent and dependent variables. Both types of analyses were conducted on the 
asphalt mixture characterized by their design traffic levels (Level 1 and Level 2). Since there 
were less BC mixtures to employ an analysis, all of the BC mixtures were combined.  
Random Cracking Index (RCI) =100 – Random DL – Random DM – Random DH 
 Alligator Cracking Index (ACI) =100 – Random DL – Random DM – Random DH 
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Table 3.8: LADOTD Cracking Triggers for Flexible Pavements 
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7 Medium Overlay on Arterial  
(Cold Plane 2", put 3.5" back 
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Medium Overlay on Collector 
(Cold Plane 2", put 3.5" back 












3.7.1 Analysis of Covariance (ANCOVA) 
ANCOVA was a combination of ANOVA and regression analysis. In this instance, one 
dependent variable might be compared with multiple independent variables. A Type III error rate 
(α) of 0.05 was utilized to differentiate any significant difference between the mixtures in 
consideration. In this analysis, every independent variable evaluated its significance with a 
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particular dependent variable, with the secondary continuous variable effects termed as 
covariates, being statistically controlled. This type of analysis mainly yielded the p-value, which 
was the main indicator for significance between the potential factors. Therefore, a p-value higher 
than 0.05 was considered insignificant, and a value less than 0.05 were considered as a 
significant variable with respect to a particular dependent variable.  
3.7.2 Stepwise Regression (Backward Elimination) 
A linear stepwise regression was conducted to reduce the subset from a larger set, 
resulting in simple model regression with a good predictive ability. The original model would be 
in the form of equation (7), with a single dependent variable and multiple independent variables.  
               443322110 XXXXY                 (7) 
For this analysis, a specific α value was specified for the variables to enter the model (if 
p-value < α) and to exit the model (if p-value > α). For this study, α value of 0.05 was utilized to 
conduct the analysis. Backward elimination in general included of all the specified candidate 
independent variables, by utilizing specific model comparison criteria, repeats the process of 
deleting any variable; by doing so, the model was improved until no further improvement was 
expected. The model comparison criteria selected for this analysis was Mallows’ Cp. Based on 
the R
2
 of the final model, the robustness of the variables included could be explained. The final 
model would be in the form of equation (8), deleting all the independent variables which are 
found to be insignificant with respect to the dependent variable.  
                                                      (8)   22110 XXY
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3.8 Comparison Analysis between Standard-PBS and Pseudo-PBS 
The purpose of this analysis was to validate whether the standard PBS method compares 
well with the simplified, pseudo PBS methodology. Three new field projects, LA10, LA3235, 
and US90 were utilized to compare the Standard PBS and Pseudo PBS methodology. As 
mentioned earlier, LA10 and LA3235 were HMA mixtures and US90 was a WMA mixture with 
Latex technology. The measured mechanical properties of asphalt mixtures from the laboratory 
and obtained field experiments were compiled into an integrated database, which were used for 
further analyses. Figure 3.16 summarizes the comparison analysis between the two types of 
approaches in a flow chart. Two main distress types were emphasized in this study which 
majorly influenced the Louisiana flexible pavements: rutting (permanent deformation) and 
cracking (fracture resistance) of the mixtures. In the Standard PBS, the Acceptance Quality 
Characteristic (AQC) from the “As-built-PF samples” was obtained. The AQC obtained for 
Standard PBS was primarily the E* data computed from the IDT E* test. These data, in addition 
to the pavement structure, climate, and available traffic data, were then used into the 
performance prediction models such as the ones in MEPDG software. The projected rutting and 
cracking performance predictions thus were computed using MEPDG software.   Based on these 
predicted distresses at the end of the design life, the corresponding LADOTD index values were 
computed for rutting and cracking distresses. The LADOTD based trigger values for specific 
distresses concluded a pass or fail. A detailed explanation of rutting index computation 
procedure is explained in the later section. Apart from the rutting index, the procedure for the 
cracking index, mentioned in the previous sections, was utilized to compute the respective 
cracking index based on 20-year projection. On the other hand, AQC for the Pseudo PBS was the 
laboratory measured rut depth from LWT test and the Jc from SCB test. The preliminary 
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performance criteria for the laboratory tests were used to conclude as a pass or fail. Therefore, 
the preliminary acceptance limit for the laboratory tests were compared with the LADOTD based 












Figure 3.16: Standard-PBS vs. Pseudo-PBS 
3.8.1 Rutting Index 
Similar to the cracking index, LADOTD also established certain rut index values based 
on the rutting experienced by a pavement. A linear relation could be observed between the 
rutting measurement and corresponding rut index value. This linear regression equation was used 
Roadway Quality Acceptance 


















to compute the rut index values based on the projected MEPDG 20 year predicted asphalt layer 
rut depth.  Figure 3.17 shows the linearly related rut depths and rut index values. 
 



































Rut Depth, mm 
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CHAPTER 4 : DISCUSSION OF RESULTS 
This chapter presented the mechanistic properties evaluated from the laboratory 
performance tests (LWT, SCB, IDT E*). In addition, field visual distress survey results from 
PMS and MEPDG projected data for 20 years were also presented in this portion of the report. 
Similarly, the effectiveness of the new proposed methodologies was also evaluated in this 
chapter. Accordingly, various regression models and several statistical analyses were utilized to 
discuss the relationship between various test parameters from different tests, which were also 
presented. Test results recorded by individual specimens for each test are presented in Appendix. 
The mixtures evaluated in this study were abbreviated as follows: 
 I10EW: I10 Egan WC mixture. 
 I10EB: I10 Egan BC mixture. 
 I10VW: I10 Vinton WC mixture. 
 L964W: LA 964 WC mixture. 
 L964B: LA 964 BC mixture. 
 3121H1: LA 3121 WC HMA mixture. 
 3121W1: LA 3121 WC WMA (15% RAP) mixture. 
 3121W2: LA 3121 WC WMA (30% RAP) mixture. 
 171H1: US 171 WC HMA mixture. 
 171W1: US 171 WC WMA (15% RAP) mixture. 
 171W2: US 171 WC WMA (30% RAP) mixture. 
 116H1: LA 116 WC HMA (15% RAP) mixture. 
 116W1: LA 116 WC WMA (15% RAP) mixture. 
 116H2: LA 116 BC HMA (20% RAP) mixture. 
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 116W2: LA 116 BC WMA (20% RAP) mixture. 
 10W: LA 10 WC mixture. 
 10B: LA 10 BC mixture. 
 3235W: LA 3235 WC mixture. 
 3235B: LA 3235 BC mixture. 
 90W: US 90 WC mixture. 
 90B: US 90 BC mixture. 
4.1 Laboratory Mixture Characterization Test Results 
This study mainly adopted two types of distress conditions in the evaluation of the 
mixtures, permanent deformation (rutting) and fatigue cracking (critical strain energy) which 
were considered typical distresses experienced by Louisiana’s flexible pavements. High 
temperature performance was evaluated by the LWT test. Intermediate temperature performance 
evaluation was assessed by the SCB test.  The dynamic modulus of the asphalt mixtures was 
characterized by utilizing the IDT E* test at three different temperatures with six frequencies. In 
turn, the results obtained from IDT E* were utilized as material input in MEPDG to predict the 
20-year projected rutting and cracking.  
4.1.1 Loaded Wheel Tracking Test Results (LWT)  
 Rutting performance and moisture susceptibility of the mixtures were assessed using a 
Hamburg-type LWT. Table 4.1 presents the results from the LWT tests conducted on all of the 
mixtures included in this study grouped by their traffic levels. It was observed that all the 
mixtures resulted in low rut depths at the end of 20,000 passes. Figures 4.1 and 4.2 are the 
graphical representations of the final rut depths data summarized in Table 4.1. Each vertical bar 
in the graph represents the average rut depth value of four specimens obtained for each mixture 
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type.  The LWTRD for the all the pavements ranged from 1.7 to 9.5 mm, which are lower than 
thin overlay trigger value of 14.3 mm for Arterial roads. The highest rut depth was observed in 
90W mixture, which was 9.5 mm. A straight line represented this criterion on the graph. In 
addition to the maximum rut depth, an average rut depth was also computed for all Level 1 
mixtures, which was 4.0 mm, represented by a dotted line on the graph. Figure 4.2 summarizes 
the measured rut depths for all Level 2 mixtures of the existing projects. It shows that, all of the 
Level 2 mixtures performed well resulting in low rut depths than thin overlay trigger value of 9.3 
mm for Interstate roads. A straight line represents the maximum rut depth measured amongst all 
Level 2 mixtures, which was 4.1 mm, showed by 964W, and 964B. In addition, a dotted line 
indicated the computed average rut depth value of all Level 2 mixtures, which was found to be 
3.2 mm. A lower rut depth value was necessary to evaluate a mixture as a better rut resistant 
mixture.   
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Avg = 4.0 mm 




Figure 4.2: Level 2 PF LWT RD 
 
 All Level 2 mixtures experienced considerably higher amount of traffic loading than 
Level 1 mixtures. However, it is noteworthy that Level 2 mixtures resulted in a lower average rut 
depth of 3.2 mm than Level 1 mixtures with an average rut depth of 4.0 mm. This clearly 
indicates that Level 2 mixtures were found to be more rut resistant mixtures when compared to 
Level 1 mixtures as expected.     
The LWT test results obtained in this study indicated that a maximum rut depth of 9.5 
mm and 4.1 mm was observed for Level 1 and Level 2 mixtures, respectively. However, Level 2 
mixtures resulted in a lower average rut depth when compared with Level 1 mixtures with an 
average rut depth. These results show that the LWT test method could better evaluate the 
permanent deformation properties in the asphalt mixtures. In general, Level 2 mixtures were 
designed to be more rut resistant than Level 1 mixtures; this LWT test method clearly 




































Table 4.1: LWT Test Results 
 
Traffic 












I10EW 4.7 2.6 
I10EB 4.8 2.4 











3121W1 4.7 4.5 






116H2 4.0 1.7 
116W1 7.0 3.2 
116W2 4.5 1.7 




171W1 3.6 4.3 















3235B 7.0 3.0 




90B 5.0 4.0 
  
4.1.2 Indirect Tensile Dynamic Modulus (IDT E*) Test Results  
A catalog of E* test results was created. The E* of the asphalt mixtures was obtained at 
different temperatures and various frequencies. In this study the E* test consists of testing 
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samples at temperatures of -10, 10, and 30°C and at loading frequencies 0.01, 0.1, 0.5, 1.0, 5, 
and 10 Hz at each temperature for the development of master curves.  The gauge length for the 
extensometers used in this research was 38.1 mm during the evaluation of the mixture. The 
master curves obtained were used to evaluate the mixtures based on their stiffness. On the other 
hand, these values were also used as material input in the MEPDG for the prediction of 20-year 
projected distresses (rutting and cracking) for the pavement sections. Time-temperature 
superposition principle was used to develop a master curve which combines various frequencies 
and temperatures. The E* values in general tend to decrease with an increase in temperature and 
a decrease in frequency. This trend was constantly observed in all of the mixtures adopted in this 
study. The coefficient of variations for triplicate specimens was less than 20% for all of the 
mixtures.  All the master curves were constructed at a reference temperature of 10°C.  
 Figure 4.3 presents the master curves developed for Level 1 mixtures PF sample type in 
this study. Figure 4.4 summarizes the master curves for Level 2 mixtures PF sample type. It is 
evident from the graphs that most of the Level 1 mixtures were closely grouped together, while 
Level 2 mixtures however were scattered a little more than the Level 1 mixtures. It can be 
explained from this observation that, a linear pattern was followed at low temperatures indicating 
linear viscoelastic behaviors of the mixture. On the other hand, at higher temperature, this trend 
was not followed by the mixtures indicating a viscous behavior of the binder. It can be observed 
from the graphs that in Level 1 mixtures, LA116 was found to be a high stiffness mixture, and 




Figure 4.3: E* Master Curves for Level 1 Mixtures 
For Level 1 mixtures, the low temperature and high frequency band ranged from 3071-
2143 ksi. High temperature and low frequency band ranged from 181 - 29 ksi. Similarly, for 
Level 2 mixtures the top band was found to be between 3688 - 2053 ksi and the lower band 
ranged from 117 - 59 ksi. It is evident from these graphs that for the top band Level 2 mixtures 
are more scattered than Level 1 mixtures meaning stiffer mixtures being in Level 2. Similarly, 
for the lower band, Level 1 mixtures were found to be more variable than Level 2 mixtures 
indicating their softness. The E* values at different temperatures increased as the traffic level 
increased i.e., the E* values were higher for high traffic mixtures when compared to low traffic 





















Tref = 10 C 
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In general, low rutting can be expected by a mixture experiencing a higher stiffness at 
low reduced frequency range. On the other hand, low cracking can be resulted by mixtures 
exhibiting low stiffness at middle reduced frequency range. From the graphs, it was observed 
that, 964W, 964B, 116W1, and 116W2 were found to be high stiff mixtures at low reduced 
frequency range among the existing mixtures and expected to result in low rutting. Mixtures 
171H1, 171W2, and I10EW exhibited low stiffness at the middle reduced frequency range and 
expected to result in low cracking.  
 
Figure 4.4: E* Master Curves for Level 2 Mixtures 
 
4.1.3 Semi-Circular Bend (SCB) Test Results  
 Table 4.2 summarizes the recorded mean peak loads and mean area/thickness values until 
















Tref = 10 C 
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Table 4.2: SCB Test Results- Peak Loads and Area/Thickness 
Project Mix ID NMAS 




25.4 31.8 38.1 25.4 31.8 38.1 
I10 
VINTON I10VW 12.5 1.34 0.90 0.85 0.016 0.010 0.004 17 
I10 EGAN 
I10EW 12.5 1.20 0.98 0.68 0.012 0.012 0.007 16 
I10EB 25.0 0.97 0.80 0.61 0.019 0.009 0.008 20 
LA 964 
964W 19.0 1.10 2.00 0.90 0.008 0.009 0.004 24 
964B 25.0 1.49 0.84 0.58 0.012 0.007 0.006 24 
LA 3121 
3121H1 12.5 0.94 0.72 0.56 0.017 0.011 0.009 10 
3121W1 12.5 0.91 0.67 0.43 0.018 0.011 0.007 14 
3121W2 12.5 0.83 0.67 0.54 0.016 0.011 0.009 18 
LA 116 
116H1 12.5 1.04 0.95 0.48 0.013 0.011 0.006 16 
116W1 12.5 1.12 0.65 0.52 0.014 0.007 0.005 9 
116H2 19.0 1.16 0.82 0.80 0.011 0.008 0.007 25 
116W2 19.0 1.55 1.01 0.75 0.012 0.010 0.005 14 
US 171 
171H1 12.5 0.69 0.67 0.41 0.011 0.010 0.005 10 
171W1 12.5 0.82 0.70 0.52 0.013 0.010 0.006 13 
171W2 12.5 0.63 0.37 0.34 0.013 0.006 0.005 28 
LA 10 
10W 12.5 1.27 1.15 0.62 0.011 0.009 0.005 19 
10B 19.0 1.97 1.22 1.04 0.015 0.008 0.004 29 
LA 3235 
3235W 12.5 1.15 0.76 0.39 0.015 0.013 0.007 7 
3235B 19.0 0.55 0.42 0.33 0.009 0.004 0.004 20 
US 90 
90W 12.5 0.48 0.39 0.18 0.005 0.004 0.002 23 
90B 19.0 0.76 0.67 0.49 0.009 0.007 0.005 17 
  
 Each peak load and area/thickness was a representative of four semicircular specimens 
for each individual notch depth (i.e., 25.4, 31.8, 38.1 mm) for each type of mixture. In general, 
with an increase in the length of the notch induced into the specimen by a mechanical saw, a 
decrease in the peak load required to propagate a crack is expected. This criterion was observed 
in all of the mixtures evaluated for Jc as the ligament height (effective depth of specimen) 
decreases with an increase in the notch depth. The recorded peak loads and notch depths were 
inversely proportional to each other. The table also presents the average coefficient of variance 
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of area/thickness values for all three notch depths. It was observed that mixtures with 12.5 
NMAS showed a lower variance than with a higher NMAS (19.0 and 25.0, respectively).        
 
Figure 4.5: SCB Test Results Level 1 PF 
 
Figure 4.6: SCB Test Results Level 2 PF 
 Table 4.3 summarizes the Jc values computed for all selected projects alongside with 
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implied that the higher the value of Jc the better the fracture resistance of a particular material. 
Figures 4.5 and 4.6 are the graphical representation of the SCB Jc values for all of the mixtures 
adopted in this study grouped by their traffic level. Each bar in the Figures 4.5 and 4.6 
represented a single Jc value per mixture obtained from strain energies per each notch depth (i.e., 
25.4, 31.8, 38.1 mm) when plotted against the corresponding notch depths.  From Figure 4.5, it 
was observed that a maximum Jc value of 0.91kJ/m
2
 was obtained by 3121W1 mixture. A 
straight line representing the maximum Jc value was presented. In addition to this, an average Jc 
value was computed among all of the Level 1 mixtures, which was found to be 0.58 kJ/m
2
 
represented by a dotted line. Figure 4.6 shows the computed Jc values for all of the Level 2 
mixtures. A straight line represented the maximum fracture resistance Jc value amongst all the 
Level 2 mixtures, i.e., 0.9 kJ/m
2
. A dotted line represents the average Jc value of the Level 2 
mixtures. It was observed that the average Jc value was found to be 0.59kJ/m
2
 for Level 2 
mixtures. 
 It is noteworthy that the SCB tests were conducted at a particular field service age when 
the field cores were obtained as shown in Table 4.3. All existing project mixtures were not 
laboratory aged, which is typically 5 days of aging at 85°C except for the new projects. The 
laboratory aging method typically represented the pavements field aging until the end of its 
design life, i.e., 20 years. Table 4.3 shows that, all the Level 1 mixtures experienced less field 
aging when compared to Level 2 mixtures, which results in age-hardening of asphalt binders. 
The higher the age-hardening of asphalt binders, the higher is the brittleness resulting in a 




 Table 4.3: SCB Test Results- Jc values 
Sample 
Type 



































































 WMA1 : 15% RAP, WMA2 : 30% RAP, HMA1 : 15% RAP, HMA2 : 30% RAP 
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 From Figures 4.5 and 4.6, it was observed that most of the Level 1 mixtures showed a Jc 
value closer to or higher than their computed average Jc value of 0.58 kJ/m
2
, compared to Level 
2 mixtures where not all Jc values were found to be higher than their computed average value of 
0.59 kJ/m
2
. Mull et al. (28) concluded in his study that mixtures displaying softness reflected in a 
higher resistance to crack propagation, which supported the mixtures evaluated in this research 
study using SCB test.  




was observed for Level 1 and Level 2 mixtures, respectively. It was observed that 
Level 1 mixtures’ measured Jc values were close to their group average Jc unlike the Level 2 
mixtures because of lower field aging. These results show that the SCB test method could better 
characterize the fracture resistance of asphalt mixtures.  
4.2 Field Performance Evaluation Test Results 
This section of the chapter summarized the field distress (rutting, cracking) 
measurements obtained from LA-PMS database. With reference to the field rutting distress data, 
a 20-year projection of rutting was predicted using MEPDG software. On the other hand, this 
section also summarized the index calculations computed for alligator cracking and random 
cracking.  
4.2.1 Rutting (Permanent Deformation) 
4.2.1.1 Pavement Management System (PMS) Distress Trend 
 Field rutting performance was recorded using a laser beam which typically has 1280 
points across the pavement lane. In general, field rutting was reported as an average of all the 
rutting points measured with the laser beam per 0.1mile unit segment. Even though the rutting 
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data was provided continuously for the entire pavement section, the final PMS rutting 
measurements were considered according to the location of the field cores obtained for 
individual pavement section in this study. Typically for most of the projects adopted in this 
study, the field core sampling was conducted within 0.1mile segment at least 50 feet apart. 
Therefore, the rutting data were taken only for the core sampled 0.1mile section as the final rut 
depth for each individual pavement section. However, three of the existing projects, I10Egan, 
I10Vinton, and LA964, had field cores obtained beyond the 0.1mile section. For these projects, 
the measured field rutting data were obtained for each core used for LWT testing, and the 
average computed rut depth for four specimens’ locations was used as a final rut depth of each 
pavement section.  
Table 4.4 summarizes the field rutting measurements obtained for individual selected 
pavement sections over time, along with construction date and service year, respectively. The 
rutting measurements were obtained for all of the survey cycles starting from individual projects’ 
construction data. Four distress survey cycles were conducted for I10 Egan and I10 Vinton since 
the time of their construction which yielded in four rutting measurements until 2013. Similarly, 
LA 964 had three, and the rest of the projects had two measurements since the time of individual 
project construction. It was observed that, all of the pavement sections experienced a low field 
rutting at the end of their last distress survey cycle. Figure 4.7 shows a graphical representation 
of this data. Among all the existing pavement sections, the highest rutting was recorded by 





Table 4.4: Summary of PMS Rutting Data over time  
PROJECT Construction Service Year 2007 (mm) 2009 (mm) 2011 (mm) 2013 (mm) 
I10 EG 10/21/2004 
6.9 
1.9 2.5 2.5 2.8 
I10 VT 6/17/2003 
8.1 
2.2 1.9 2.0 2.9 
LA964 BK 1/19/2005 
6.9 
NA 3.6 4.6 4.0 
LA3121 H1 7/5/2009 
3.9 
NA NA 2.3 3.6 
LA3121 W1 7/5/2009 
3.9 
NA NA 2.3 2.0 
LA3121 W2 7/5/2009 
3.9 
NA NA 2.0 1.5 
LA116 W 3/1/2010 
3.3 
NA NA 2.2 1.5 
US171 H1 2/1/2010 
3.7 
NA NA 1.8 3.4 
US171 W1 2/1/2010 
3.7 
NA NA 2.5 4.3 
US171 W2 2/1/2010 
3.7 
NA NA 2.8 6.4 
 
 




















4.2.1.2 Distresses Prediction using MEPDG (Evaluation of Rut Prediction from MEPDG) 
 Figure 4.8 shows a graphical representation of the method adopted in this study to obtain 
a projected distress of the flexible pavements. The calibration constants, namely βr1, βr2, and βr3, 
for the rutting performance models were usually assigned a value of 1.0 at the beginning of the 
calibration nationally. Since many variations existed between individual states, the performance 
model also included local calibration coefficients in order to calibrate the MEPDG models to the 
local conditions.  
 
Figure 4.8: Example of MEPDG Rutting Projection Procedure 
 
 In this study, the calibration for rutting models was performed for every project 
individually. The calibration was conducted by utilizing the LA-PMS rutting data over time in 
such a way that the final MEPDG rutting prediction curve passed right through the PMS data 
indicating that the projected rutting value was based on observed field measurement. Calibration 
constants were continuously adjusted until this criterion was satisfied. In this method, the Sum of 
















Pavement Age (month) 
MEPDG Projected Rutting via PMS Measurements 
MEPDG PMS
RD_20 = 4.0 mm 
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from the prediction was compared to the PMS data by age. The final rut depths predicted at the 
end of the design life period for the asphalt layers was obtained for further analysis. Table 4.5 
summarizes each set of calibration constants utilized in this study to project the final 20 year rut 
depth of each individual pavement section. It could be seen that a range of calibration constants 
was used to predict final rut depth based on the PMS Field rutting data.  
Table 4.5: Calibration Constants Value for Individual Projects 
Project  βr1 βr2 βr3 
I10 EG 0.3 1.4 0.64 
I10 VT 0.9 1 0.87 
LA964 BK 0.2 1 1.25 
LA3121H 1.2 1.3 0.5 
LA3121W1 1.4 1.32 0.43 
LA3121W2 1.3 1.35 0.5 
LA116W 1.35 1.3 0.5 
US171H 1.3 1.4 0.4 
US171W1 1.35 1.3 0.53 
US171W2 1.35 1.38 0.48 
LA 10 1.4 1.35 0.5 
LA3235 1.4 1.35 0.5 
US 90 1.4 1.35 0.5 
 
Table 4.6 shows the range and the mean values of the calibration constants obtained in 
this study for distress projections using MEPDG software. It was observed that the means were 
found to be 1.1, 1.3 and 0.6 for the calibration constants βr1, βr2, and βr3, respectively. It could be 
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observed from Table 4.5 that the same set of calibration constants were utilized to project a 20-
year predicted rutting data for three new projects because a distress survey was not conducted yet 
on these new projects as all the three projects had ages less than a year. This set of calibration 
constants for the new projects was adopted from a previous research study conducted by 
Mohammad et al. (44). This set of calibration constants were concluded as the final suggested 
means in that research project for the rutting models for local Louisiana pavements.  
Table 4.6: Ranges of the Calibration Constants for 10-4B 
Calibration Factors βr1 βr2 βr3 
Range 0.2-1.4 1-1.4 0.4-1.25 
Mean 1.1 1.3 0.6 
 
Table 4.7: 20-year Predicted Asphalt Layer Rutting using MEPDG 
Project Service Year 
Field Rutting, mm 
2013 PMS MEPDG Projected* 
I10 EG 6.9 2.8 4.2 
I10 VT 8.1 2.9 4.5 
LA964 BK 6.9 4.0 3.8 
LA3121H 3.9 3.6 1.7 
LA3121W1 3.9 2.0 3.1 
LA3121W2 3.9 1.5 2.3 
LA116W 3.3 1.5 2.4 
US171H 3.7 3.4 4.0 
US171W1 3.7 4.3 5.2 
US171W2 3.7 6.4 8.1 
LA 10 0 NA 4.5 
LA3235 0 NA 5.8 
US 90 0 NA 6.7 




Figure 4.9: MEPDG 20-year Projected Rutting for Existing Projects 
Table 4.7 summarizes the final rut depths predicted at the end of 20 years for existing and 
new pavement section included in this study. Figure 4.9 shows the graphical representation of the 
data summarized in Table 4.7. Each vertical bar represented the final 20 year projected rutting 
prediction for asphalt layers of individual pavement sections included. It could be stated that all 
existing projects have performed well with a maximum rut depth of 8 mm for US171 W2 
project. A straight line was used to represent maximum rut depth predicted. Similarly, all new 
projects predicted lower rut depths, with US90 obtaining the maximum rut depth value of 6.7 
mm, represented by a straight line in Figure 4.9. All other values were clustered between 1 and 4 
mm.  
4.2.2 Cracking (Fracture Resistance)  
4.2.2.1 Pavement Management System (PMS) Distress Trend 
Field Cracking performance data was analyzed using the planar view road images 




























20-year MEPDG Rutting Prediction





/0.1 mile), longitudinal cracking (ft/ 0.1 mile), and transverse cracking (ft/ 
0.1 mile) at three severity levels, low, medium, and high. Random cracking is termed as a sum of 
longitudinal cracking and transverse cracking. For further analysis purposes, alligator cracking 
data was square rooted to obtain the similar units as random cracking. Table 4.8 summarizes the 
field cracking measurements as alligator cracking, longitudinal cracking, and transverse 
cracking, along with age of individual pavement in years. The last two columns summarized 
random cracking and combined cracking, which were computed based on the raw PMS data 
obtained per individual project using the formula as explained in the methodology.  
In Table 4.8, it was observed that four out of ten pavement sections did not experience 
any alligator cracking on the field at the end of last distress survey cycle. In general, alligator 
cracking was caused by repeated traffic loading and environmental conditions. Since most of the 
included pavement sections had less than 10 years of service life, it could be explained that these 
pavement sections have resulted in nil alligator cracking due to lack of experienced traffic. 
However, the highest alligator cracking was observed by LA964 pavement section, which was 
6738.3 ft
2
/mile, followed by LA3121W1 and LA3121W2. All of the pavement sections showed 
considerable amount of random cracking. The highest random cracking was observed by LA964 
pavement section which was 5221.9 ft/mile. It could also be stated that, since no alligator 
cracking was observed for some projects, the combined cracking computed is equal to random 





Figure 4.10: PMS Cracking Data Summary 
 
Figure 4.10 represents the graphical presentation of the cracking data from PMS 
database.  From the MEPDG distress predictions for each pavement section, the 20-year cracking 
projections were also obtained. Table 4.9 summarizes the projected cracking predictions at the 
end of design life, alongside with the last distress survey cycle data. It was observed that none of 
the pavement sections predicted any alligator cracking at the end. Similar to alligator cracking, 
most of the sections showed no random cracking except two pavement sections, which were 
I10EG and I10VT. It was clearly observed that field measured cracking values were not in good 
agreement with the MEPDG projected 20-year cracking predictions. This could be explained 
because none of the cracking models were calibrated locally for Louisiana pavements unlike 
rutting models. At this point, it was beyond the scope of this research study to calibrate the 














projections were not used for any further analysis until they were locally calibrated validated 
with the field cracking data.  





















I10 EG 6.9 0.0 95.9 38.9 134.8 134.8 
I10 VT 8.1 53.5 1213.2 160.0 1373.2 1396.3 
LA964 BK 6.9 6738.3 812.6 4409.4 5221.9 5481.5 
LA3121 H1 3.9 114.8 31.9 20.5 52.4 86.3 
LA3121 W1 3.9 1310.5 342.0 252.0 594.0 708.5 
LA3121 W2 3.9 1215.3 587.1 72.4 659.4 769.7 
LA116 W 3.3 88.9 125.0 669.4 794.4 824.3 
US171 H1 3.7 0.0 2622.1 30.7 2652.9 2652.9 
US171 W1 3.7 0.0 924.8 317.4 1242.2 1242.2 







Table 4.9: MEPDG Projected Field Cracking Measurements 
PROJECT 

















I10 EG 0.0 134.8 
0.0 1960.0 
I10 VT 53.5 1373.2 
0.0 775.0 
LA964 BK 6738.3 5221.9 
0.0 0.0 
LA3121 H1 114.8 52.4 
0.0 0.0 
LA3121 W1 1310.5 594.0 
0.0 0.0 
LA3121 W2 1215.3 659.4 
0.0 0.0 
LA116 W 88.9 794.4 
0.0 0.0 
US171 H1 0.0 2652.9 
0.0 0.0 
US171 W1 0.0 1242.2 
0.0 0.0 
US171 W2 0.0 2124.6 
0.0 0.0 
 
4.2.2.2 Cracking Indices (Alligator Cracking and Random Cracking) 
Index values for each pavement sections were computer based on LADOTD deductibles. 
Table 4.10 summarizes computed indices for alligator and random cracking for all of the selected 
existing projects overtime. The index values ranged from 0-100 (100 being perfect pavement). 
Table 4.10 presents the index values for every month during which a PMS Field distress survey 
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was conducted. The oldest survey month was recorded for the project I10Vinton and I10 Egan 
with an age of 115 and 101 months, respectively. The other WMA projects were close to each 
other at 30-40 month periods.  It could be observed that the index value for both types of 
cracking started with a maximum value (100) and gradually decreased based on the amount of 
cracking experienced by a particular pavement. Table 4.11 summarizes the final distress cycle 
cracking for all the projects, alongside with their corresponding index values computed.  
Table 4.10: Computed Index Values for Alligator and Random Cracking 
Project Months ACI RCI 
I10EG 
29 100 100 
48 100 100 
77 100 100 
101 100 100 
I10VN 
0 100 100 
47 100 100 
63 100 100 
89 100 100 
115 100 96 
LA964 
42 100 100 
70 94 96 
93 81 82 
LA3121-H 
15 100 100 
39 100 100 
LA3121-W1 
15 99 100 
39 97 100 
LA3121-W2 
15 98 100 
39 97 99 
US171-H 
9 100 100 
36 100 89 
US171-W1 
9 100 100 
36 100 96 
US171-W2 
9 100 100 
36 100 90 
LA116-W 
9 100 100 
33 100 99 
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From Table 4.11, it was evident that the amount of cracking observed on the field was 
clearly reflected into its corresponding index computation. Since most of the pavement sections 
did not exhibit any alligator cracking, the ACI values were found to be at maximum value (100) 
indicating that no necessary maintenance or rehabilitation actions needed to be taken. The ACI 
values ranged from 100-81. The lowest ACI was shown by LA964, which showed high alligator 
cracking among other sections. However, since most of the pavement sections showed 
considerable random cracking, a range of index values were observed. The RCI values ranged 
from 100-82. The lowest RCI was shown by LA964, which exhibited high random cracking. It 
was noteworthy that LA964 pavement showed low ACI and RCI values amongst others.      






ACI Random Cracking 
(ft/mile) RCI 
I10 EG 0.0 100 134.8 100 
I10 VT 53.5 100 1373.2 96 
LA964 BK 6738.3 81 5221.9 82 
LA3121 H1 114.8 100 52.4 100 
LA3121 W1 1310.5 97 594.0 100 
LA3121 W2 1215.3 97 659.4 99 
LA116 W 88.9 100 794.4 99 
US171 H1 0.0 100 2652.9 89 
US171 W1 0.0 100 1242.2 96 




4.3 Comparison Analysis between Field and Laboratory Performance 
Based on the test results evaluated, a quantitative comparison analysis was performed to 
investigate a relationship validating the laboratory test results in agreement with field observed 
distress. Three of the ten existing pavement sections included a BC layer in addition to a WC 
layer in this study. To make a comparison with the field distresses (rutting and cracking), which 
is a single value per pavement section, an average value was computed between the WC and BC 
layers for LWT rut depths and SCB Jc, respectively.  This average value is assumed to be a better 
representative of the entire flexible pavements resistance to distresses and was used in further 
analysis.   
4.3.1 Rutting (Permanent Deformation) 
A comparison was made between LWT measured rutting data and PMS obtained rutting 
data for the existing projects categorized by level of traffic (I/II). The LWT test is considered as 
a torture test, which tortures the specimens by using a steel wheel and rolled onto the specimens 
for 20,000 passes. This procedure was adopted to simulate the field conditions like traffic 
loading and also environmental conditions into the laboratory test method. The rut depth 
obtained from LWT was typically considered as a final rut depth for a pavement mixture at the 
end of design life, i.e., 20-years. On the other hand, MEPDG used the E* values of the mixture 
and binder as material input in addition to the pavement structure, climate and traffic to predict a 
rut depth at the end of the 20 year design life period. So to make this clear, a comparison analysis 
was conducted between the rut depths obtained by these two methodologies to determine a 
preliminary acceptance limit for asphalt mixture using LWT test method.  
Figure 4.11 shows a comparison between LWT and MEPDG in a chronological order 
with PMS data included for all the Level 1 mixtures. This graph showed that the end of design 
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life rut depths from two sources was in good ordinance. The MEPDG rutting data included 
rutting from the asphalt layers in pavement since the LWT test was employed on the asphalt 
layers of the pavement. This graph indicated a good agreement between field measured rut 
depths and laboratory measured rut depths.  
 
Figure 4.11: Comparison between Level 1 Mixtures RD from PMS, LWT, MEPDG  
  Figure 4.12 shows the Level 2 mixtures comparison between LWT rut depths and 
MEPDG rut depth for AC layers. Similar to the Level 1 mixtures, the graph indicated that LWT 











































Figure 4.12: Comparison between Level 2 Mixtures RD from PMS, LWT, MEPDG  
 
Figure 4.13 recaptures comparison analysis between the LWT measured rut depths and 
MEPDG predicted asphalt layer rut depths. All projects were color coded according to their 
design traffic levels; the color green for Level 1 projects and the color blue for Level 2 projects. 
Based on the evaluation of each individual projects on two methods, a box was created for Level 
1 and Level 2 projects that indicated their acceptance limits. From these analyses, it seemed to be 
validated that mixtures below 6 mm for Level 2 traffic and 10 mm for Level 1 traffic could be 
determined as preliminary acceptance criteria for now.  Based on the permanent deformation 
evaluation of the selected field projects in this study, it could be concluded that Louisiana 
































Figure 4.13: Rutting Performance of Mixture Grouped by Traffic Levels 
 
4.3.1.1 Statistical Analysis 
In addition to the above comparison analysis, statistical analysis was also performed 
between laboratory and field rutting. For these analyses, field rutting was chosen as a dependent 
variable, and laboratory rutting parameters, in addition to others, derived from the test were 
chosen as independent variables. The independent variables chosen were LWTRD, PC, Creep 
Slope (CS), Intercept, Experienced ESAL (EXPESAL), and Air voids (AV) of the samples cored 
from the pavement. Colored (green) independent variables indicated that they were significant 
with respect to the dependent variable. Tables 4.12 and 4.13 show the analysis results for Level 1 
mixtures’ rut depths. ANCOVA results showed that none of the independent variables were 
found to be significant with respect to the dependent variable. On the other hand, stepwise 
regression results were found to be contrary to the previous results. Table 4.13 showed that 







































estimate the field measured rutting with a good correlation coefficient (R
2
) of 0.93 for the final 
model.  
Table 4.12: ANCOVA Field vs. Laboratory RD Level 1 








Level 1 PMSRD, mm 
LWTRD 0.4312 NO 
PC 0.696 NO 
CS 0.4014 NO 
INTERCEPT 0.6787 NO 
EXPESAL 0.4094 NO 
AV 0.5721 NO 
 
Table 4.13: Stepwise Regression Field vs. Laboratory RD Level 1 























PC NO   
CS YES 0.0079 
INTERCEPT NO   
EXPESAL YES 0.036 
AV NO   
 
Tables 4.14 and 4.15 summarize the analysis results for Level 2 mixtures. ANCOVA 
showed that LWTRD, CS, Intercept, and EXPESAL were significant to the dependent variable 
with a decent p-value representing their significance. Similarly, stepwise regression showed 
similar results where PC was also included into the final model in addition to the significant 
factors from covariate analysis. This final model was found to be highly reliable with an R
2
 value 
of 0.97. It was noteworthy from the two sets of results that laboratory measured rut depth was 
89 
 
found to be consistently significant with the field measured rut depth, indicating its potentiality 
for estimating the field rutting performance at the end of design life.   
Table 4.14: ANCOVA Field vs. Laboratory RD Level 2 








Level 2 PMSRD, mm 
LWTRD 0.0185 YES 
PC 0.0786 NO 
CS 0.0239 YES 
INTERCEPT 0.0422 YES 
EXPESAL 0.0148 YES 
AV 0.5692 NO 
 
Table 4.15: Stepwise Regression Field vs. Laboratory RD Level 2 























PC YES 0.0469 
CS YES 0.0088 
INTERCEPT YES 0.0221 
EXPESAL YES 0.0055 
AV NO   
 
4.3.2 Cracking (Fracture Resistance) 
Another major distress experienced by the Louisiana a flexible pavement was cracking, 
an intermediate temperature distress. Figure 4.14 represents a comparison between the combined 
field cracking and laboratory measured SCB Jc. It can be noticed that, for a particular project, a 
relationship could be established between these two parameters. It was also evident that a decent 
correlation was observed between combined field cracking and SCB Jc with a R
2
 value of 0.55. It 
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could be explained from this relationship that combined cracking and SCB Jc were inversely 
proportional to each other, i.e., the higher the observed field cracks the lower the laboratory 
measured SCB Jc would be.    
 
Figure 4.14: Comparison between PMS Combined Cracking and SCB Jc 
 
 
Figure 4.15: Comparison between Alligator Index and SCB Jc 
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Figure 4.16: Comparison between Random Index and SCB Jc 
Figures 4.15 and 4.16 represents a correlation analyses between ACI and RCI with 
laboratory measured SCB Jc. A power model relationship was utilized to establish a relationship 
between the obtained data points which could be stated mathematically as:  
                                                = 100  (𝐴 +   )                                                       (8) 
 
Where, 
Y = Cracking Index (0-100); 
x = SCB Jc, kJ/m
2
; 
A, B and C = Constants. 
This power model was used for the comparison analysis since the index points were 
limited to a maximum value of 100. This model defined this limitation and compared the two 
















SCB Jc, kJ/m2 
Curve Fit
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R2 = 0.83 
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obtaining decent and strong R
2
 values of 0.56 and 0.83 for ACI and RCI, respectively.  In the 
previous sections of this study, it was observed that most of the pavement sections did not show 
considerable alligator cracking; these projects eventually showed a maximum alligator index 
value of 100.  
It was evident from Figure 4.15 that the R
2
 was mainly dependent on three data points 
(three field projects), which showed alligator cracking. To establish a unique validated model, an 
extended research study would be necessary to correlate the ACI with SCB Jc. On the other 
hand, it was evident from Figure 4.16 that, since most of the pavement section experienced a 
considerable amount of random cracking; this obtained correlation could be concluded as highly 
reliable.  
This correlation study between the RCI and SCB Jc revealed that a direct correlation was 
observed between these two parameters. It could be concluded from this relation that the lower 
RCI value resulted in a lower SCB Jc value. This eventually supported the concept of laboratory 
measured SCB Jc to estimate the fracture resistance of the mixtures. From this relation, it could 
also be concluded that SCB Jc could be utilized to estimate the field cracking performance of the 
flexible pavements. It was noteworthy at this point that the age of the laboratory specimens and 
the field distress survey were similar, and no long term aging was conducted on the SCB tested 
specimens for the existing projects. The service years of the existing field projects included in 
this study ranged from 4-8 years. Therefore, it is recommended that an extended study has to be 
conducted to determine the effect of aging parameter on the SCB testing specimens to better 





Figure 4.17: Cracking Performance of the Projects Grouped by Traffic Levels 
 
Figure 4.17 shows the comparison analysis between the RCI and SCB Jc. A medium 
overlay trigger was chosen for the RCI to compare with the SCB Jc grouped by their respective 
traffic. All of the projects were color coded according to their design traffic levels; the color 
green for Level 1 projects and the color blue for Level 2 projects. Based on the evaluation of 
each individual project on two methods, a box was created for Level 1 and Level 2 projects that 
indicated their acceptance limits. From these analyses, it seemed to be validated that mixtures 
showing a Jc value of ≥ 0.6 kJ/m
2
 for Level 2 traffic and ≥ 0.5 kJ/m
2
for Level 1 traffic could be 
determined as preliminary acceptance criteria for SCB test method for now. Figure 4.17 
represented that all of the Level 1 and Level 2 asphalt mixtures fell under their preliminary 
passing limits respectively, except project LA964. LA964 triggered for a medium overlay as per 























4.3.2.1 Statistical Analysis 
In addition to the above comparison analysis, statistical analysis was also performed 
between laboratory and field cracking. For these analyses, three cracking parameters (combined 
cracking, ACI and RCI) were chosen as dependent variables and were compared with a similar 
set of independent variables which include SCB Jc, AC %, film thickness (FT), EXP ESAL, peak 
load, and NCA. Peak load was normalized with respect to the ligament height for individual 
specimen per notch depth which typically was 49.6, 43.2, 36.9 mm. NCA was the exponent slope 
of the coarse aggregate (CA). A sieve size of 2.36 mm was selected in this study as the divider 
for the CA and fine aggregate (FA) portions (43). Tables 4.16 through 4.21 show the covariate 
analysis and stepwise regression analysis for all the mixtures from the existing field projects. 
Table 4.16 showed that none of the factors were significant for combined cracking with a higher 
p-value than 0.05 except NCA with a p-value of 0.0182. On the other hand, Table 4.17 presented 
stepwise regression analysis, which showed that, SCB Jc, FT, peak load and NCA could be 
included in the final model of which SCB Jc was highly significant with the dependent variable 
combined cracking. The R
2 
value for the final model was 0.95 indicating its reliability. This 
indicated that SCB Jc could be a validated, approachable test method to determine the field 
cracking performance of asphalt pavements at the end of the design life.  
Table 4.16: ANCOVA PMS Combined Cracking vs. Laboratory SCB Jc 
Analysis of Covariance- SCB test parameters 
Dependent variable Independent variable Significance (Y/N) 
 PMS Combined 
Cracking  
SCB Jc 0.1671 NO 
AC 0.6243 NO 
FT 0.2309 NO 
EXPESAL 0.9766 NO 
PEAKLOAD 0.1002 NO 
NCA 0.0182 YES 
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Table 4.17: Stepwise Regression PMS Combined Cracking vs. Laboratory SCB Jc 






















AC   
FT YES 0.0051 
EXPESAL   
PEAKLOAD YES 0.0012 
NCA YES 0.0007 
 
 Tables 4.18 and 4.19 show the analysis results between ACI as a dependent variable and 
a similar set of independent variables. The covariate analysis showed that none of the 
independent variables were found to be significant with the dependent variable, ACI. Similarly, 
the stepwise regression analysis showed that the final model included none of the parameters, 
SCB Jc, FT, peak load, EXPESAL and NCA. However, it was noteworthy that most of the 
pavement sections did not show any considerable alligator cracking, which resulted in no 
significance observed.  
Table 4.18: ANCOVA Alligator Cracking Index vs. Laboratory SCB Jc 
Analysis of Covariance- SCB test parameters 
Dependent variable Independent variable Significance (Y/N) 
 Alligator Cracking 
Index 
SCB Jc 0.8013 NO 
AC 0.8407 NO 
FT 0.7193 NO 
PEAKLOAD 0.8760 NO 
EXPESAL 0.8944 NO 





Table 4.19: Stepwise Regression Alligator Cracking Index vs. Laboratory SCB Jc 






















AC NO  
FT NO  
PEAKLOAD NO  
EXPESAL NO  
NCA NO  
 
Tables 4.20 and 4.21 show the analysis results between RCI as dependent variable and a 
similar set of independent variables as mentioned before. The covariate analysis indicated that 
none of the independent variables were found to be significant with the dependent variable, RCI, 
except NCA. On the other hand, the stepwise regression analysis showed that the final model 
included parameters, SCB Jc, FT, peak load, and NCA. The R
2 
value for the final model was 0.96 
which indicated its reliability. The statistical analyses of cracking parameters indicated that 
laboratory measured SCB Jc could be used as a potential parameter to estimate the field cracking 
performance of the asphalt pavements validating the correlation analysis in the previous sections.    
Table 4.20: ANCOVA Random Cracking Index vs. Laboratory SCB Jc 
Analysis of Covariance- SCB test parameters 
Dependent variable Independent variable Significance (Y/N) 
 Random Cracking 
Index 
SCB Jc 0.0856 NO 
AC 0.9536 NO 
FT 0.1985 NO 
PEAKLOAD 0.0712 NO 
EXPESAL 0.5903 NO 




Table 4.21: Stepwise Regression Random Cracking Index vs. Laboratory SCB Jc 






















AC   
FT YES 0.0251 
PEAKLOAD YES 0.0017 
EXPESAL   
NCA YES 0.0008 
 
4.4 Comparison between Standard-PBS and Pseudo-PBS 
In this section, a brief comparison was made between standard (MEPDG) and pseudo 
(laboratory) PBS methodology. For this comparison, the three new field projects were selected 
that incorporated both HMA and WMA technologies. Table 4.22 below summarizes the selected 
field projects, LA 10, LA 3235, and US 90, alongside the asphalt mixtures, layer and sample 
type for individual field projects. PF samples were cored and collected after the pavement 
construction to employ the laboratory suite of testing. As mentioned in the methodology section, 
the AQC used for standard PBS were the E* values obtained by characterizing the asphalt 
mixtures. These obtained values were used as material inputs, in addition to pavement structure, 
climate and traffic data as material inputs, in the MEPDG software to perform a projection of 20-
year rutting and cracking distresses. Based on these 20-year projected distresses, corresponding 
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Figures 4.18 and 4.19 present the measured rut depths and computed rut indices for the 
three new projects as pseudo and standard PBS. In Figure 4.18 each bar represented an average 
of 4 final rut depths measured using LWT test method for each individual project. To validate 
the pseudo PBS methodology, the preliminary acceptance limit for LWT measured rut depths 
was considered to evaluate rutting performance of the pavement sections.  Since all of the new 
projects were designed for Level 1 traffic, the specification limit of a maximum rut depth of 10 
mm was used. It was observed that all the mixtures performed well and eventually passed the 
minimum rut depth requirement (i.e., 10 mm).  
In Figure 4.19 each bar represented a computed rut index value based on MEPDG 
projected 20-year predicted rut depth values. In general, with an increase in the rut depth, a 
decrease in the corresponding rut index was expected. This trend was observed in all three 
projects considered for this comparison. However, it was noteworthy that only asphalt layer 
projected rut depths were used to compute the corresponding rut indices since LWT test was 
conducted on the asphalt layers of the pavement section. To validate the standard PBS 
methodology, the LADOTD trigger value was utilized to evaluate the rutting performance of the 
pavement sections. This trigger value of 65 was used as a thin overlay treatment threshold for 
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arterial roads (Level 1 traffic) by LADOTD. It was observed that all projects showed a higher rut 
index values than 65 and eventually passed the minimum rut index requirement (i.e., 65).  
 
Figure 4.18: Pseudo PBS Rut Depth (LWT), mm 
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Figures 4.20 through 4.22 shows the SCB measured Jc values and computed ACI and 
RCI for the three new projects. SCB Jc was used as AQC for pseudo PBS, and ACI and RCI 
were used as an AQC for standard PBS procedure. To validate the pseudo PBS methodology, the 
preliminary acceptance limit for SCB measured Jc was considered to evaluate fracture 
performance of the pavement sections.   
Since all of the new projects were designed for Level 1 traffic, the specification limit of a 
minimum Jc value of 0.5kJ/m
2
 was used. It was observed that two mixtures showed a satisfactory 
performance against the fracture resistance, except one mixture that obtained a Jc value lower 










































Figure 4.21: Standard PBS ACI, 0-100 
 
 
Figure 4.22: Standard PBS RCI, 0-100 
Figures 4.21 and 4.22 represented the cracking index computed for each pavement 
section based on MEPDG projected 20-year predicted cracking values. In general, an increase in 
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Medium Overlay Trigger for Arterial   
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PBS, a trigger value of 80 was adopted to evaluate the cracking performance for acceptance, 
which was used by LADOTD as a medium overlay threshold value for arterial roads (Level 1 
traffic). It was observed that all pavement sections passed the minimum cracking index 
requirement for both ACI and RCI. Figure 4.21 showed that all of the sections attained a 
maximum ACI value of 100, which implied that no alligator cracking was predicted at the end of 
the design life. On the other hand, Figure 4.22 showed that two of the three sections attained a 
maximum RCI of 100 implying no predicted random cracking on the field after 20-years. It is 
noteworthy that none of the cracking models in MEPDG were locally calibrated at this point in 
time and eventually made the standard procedure cracking results unreliable at this point.  










LA10 PASS PASS PASS PASS PASS 
LA3235  PASS PASS PASS PASS PASS 
US90 PASS PASS FAIL PASS PASS 
 
Table 4.23 summarizes the final comparison results for standard and pseudo PBS 
grouped by two distress categories, rutting and cracking. This comparison study between pseudo 
and standard rutting revealed a reliable agreement of test results for rutting. On the other hand, 
for cracking comparison, a conclusion could not be drawn since the standard results were based 
on un-calibrated cracking models. The pseudo PBS cracking showed that two projects have 
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passed the proposed criteria for SCB Jc test method. An extended research study would be 
necessary to well validate a good correlation between pseudo and standard PBS for cracking.   
4.5 Framework Development for Pseudo PBS 
Based on the analyses conducted in this study, a preliminary set of specification limits 
was proposed to ensure the long term performance of asphalt mixtures. For the rutting, 6 mm and 
10 mm of LWT rut depths seemed to guarantee acceptable field rutting performance for Level 2 
and Level 1 asphalt pavements, respectively. Similarly, for the cracking, 0.5 kJ/m
2
 and 0.6 kJ/m
2
 
of SCB Jc seemed to guarantee acceptable field rutting performance for Level 2 and Level 1 
asphalt pavements, respectively. 
Table 4.24 presents the proposed spec. limits for LWT test and SCB test categorized by 
the design traffic Levels for acceptance.  
Table 4.24: Proposed Specification Limits for Performance Based Tests 
Performance Based Tests Level 1 Traffic Level 2 Traffic 
LWT Test, mm ≤ 10  ≤ 6  
SCB Test, kJ/m
2
 ≥ 0.5  ≥ 0.6  
 
 In addition to the proposed specification limit, a sampling and test plan was also 
recommended in this study to validate the methodology after paving of the roadway. According 
to the current construction specification for Louisiana, a detailed sampling plan was not defined 
for the roadway acceptance. For the roadway acceptance, density and surface tolerance were the 
parameters considered (42) for Louisiana. However, it was necessary to reduce the number of 
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samples obtained from the pavement after construction. For the LWT test, four cores were 
required, and for the SCB typically six cores are required. In this study a new method was 
approached to reduce the number of cores required for a single SCB testing.    
 Typically for the SCB testing method, three notch depths were taken into consideration 
for the measurement of Jc. Three notch depths were considered to verify the linearity between 
the strain energies recorded at individual notch depths. This criterion was found to be validated 
with most of the mixtures considered in this study; therefore in the new methodology (Method 
II), only two notch depths were considered in Jc calculations which were 25.4 mm and 38.1 mm 
assuming the middle notch depth comes in linear relation with the other two at either end. By 
adopting this methodology, 1/3
rd
 of the work could be reduced during the sample fabrication and 
also testing process. 
Table 4.25 summarizes the SCB Jc values obtained from two methods. It was evident 
from the table that no considerable percentage difference was observed between the results 
obtained from two methods indicating the robustness of the approach. This validates that only 
two notch depths could be used to determine the Jc of asphalt specimens. Figures 4.23 and 4.24 
represent the current and proposed method for Jc value computation. With this method, instead of 
6 cores (12 semi-circular specimens) for typical SCB testing, only 4 (8 semi-circular specimens) 
cores were required which yielded four semicircular specimens for two notch depths. This new 




Figure 4.23:Current Method SCB Jc Calculation 
 
 
Figure 4.24: Proposed New Method SCB Jc Calculation 
y = -0.0007x + 0.0334 



























Notch Depth (mm) 
y = -0.0007x + 0.0341 
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I10EW WC 0.40 0.40 0.0% 
I10EB BC 0.88 0.88 0.5% 
I10 Vinton I10VW WC 0.93 0.93 0.0% 
LA 964 
964W WC 0.30 0.30 0.8% 
964B BC 0.43 0.43 0.4% 
LA 3121 
3121H1 WC 0.66 0.66 0.3% 
3121W1 WC 0.91 0.90 0.1% 
3121W2 WC 0.60 0.60 0.2% 
LA 116 
116H1 WC 0.52 0.52 0.2% 
116W1 WC 0.75 0.75 0.3% 
116H2 BC 0.34 0.34 0.2% 
116W2 BC 0.57 0.57 0.2% 
US 171 
171H1 WC 0.52 0.52 0.2% 
171W1 WC 0.73 0.73 0.0% 
171W2 WC 0.60 0.60 0.4% 
LA 3235 
3235W WC 0.61 0.61 0.0% 
3235B BC 0.77 0.76 1.3% 
US 90 
90W WC 0.26 0.26 0.1% 
90B BC 0.31 0.31 0.1% 
LA 10 
10W WC 0.52 0.52 0.2% 
10B BC 0.82 0.82 0.1% 
 1 three notches (25.4, 31.8, 38.1 mm); 2 two notches (25.4, 38.1 mm) 
Figure 4.25 presents the flow chart representation of the proposed sampling and testing 
plan to the LADOTD for further data collection. The proposed procedure required a total of 32 
cores per lot for performance testing. Once the cores were obtained after paving construction, the 
first set of testing included one LWT test and three SCB tests yielding 4 rut depths and 3 Jc’s. 
Each of these tests requires four cores for one LWT and four cores for one SCB with a total of 16 
cores for the first set of testing. For Level 1 mixtures, rut depths ≤ 10 mm and ≤ 12.5 mm was 
the average of four specimens and individual rut depth. Similarly, for Level 1 mixtures Jc value ≥ 
0.5 kJ/m
2 
and ≥ 0.3 kJ/m
2 
was the average of three tests and individual test. For Level 2 mixtures, 
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rut depths ≤ 6 mm and ≤ 12.5 mm was the average of four specimens and individual rut depth. 
Similarly, for Level 2 mixtures Jc value ≥ 0.6 kJ/m
2 
and ≥ 0.3 kJ/m
2 
was the average of three tests 
and individual test. The corresponding data would be recorded if the mixtures passed these above 
mentioned criteria, otherwise, the rest of the 16 cores would be sent to a certified laboratory for 
resolution testing. The resolution testing was similar to the first set of testing with similar 
number of tests and acceptance limits. The data would be recorded if the mixtures passed the 
criteria, otherwise the production would be stopped and necessary corrective actions would be 
required.  
 
Figure 4.25: Flowchart representation of Pseudo PBS Sampling and Testing Plan 
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CHAPTER 5 : CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary and Conclusions 
The main objective of this study was to develop a framework for a Performance Based 
Specification for asphalt pavement construction in Louisiana. In order to achieve the objective, 
the performance of various HMA and WMA mixture projects across the state of Louisiana was 
evaluated. Six existing projects (with three Level 1 and three Level 2 design traffic) and three 
new projects (traffic designed for Level 1) were evaluated in this study.   A suite of laboratory 
performance tests was conducted to determine the performance characteristics of asphalt 
mixtures sampled from these field projects. The Loaded Wheel Tracking (LWT) test and Semi-
Circular Bend (SCB) test were conducted to determine rutting and fracture properties at high and 
intermediate temperatures, respectively. Indirect tensile dynamic modulus (IDT E*) test was 
carried out at three different temperatures and six frequencies to fully characterize the visco-
elastic properties of these mixtures. Field distress survey data were obtained from Louisiana 
Pavement Management System (LA-PMS), which includes field rutting and field cracking data. 
Dynamic modulus data were used as an input for the Mechanistic Empirical Pavement Design 
Guide (MEPDG) software to predict the terminal performance of pavement sections with 
reference to the observed PMS distress data. In addition, a statistical comparison analysis 
between laboratory and field measured performance characteristics was carried out to identify 
their correlations. A comparison analysis was conducted between MEPDG prediction based (i.e., 
standard PBS) and laboratory measured (i.e., pseudo PBS) performance of the pavement sections 




Findings of the research study are summarized as follows:  
 According to the extensive literature review on the construction specifications, most of the 
state highway agencies in the US adopted some volumetric properties (asphalt content, air 
voids, gradation, etc.) for quality control and quality assurance purposes in 2003. In the 
recent years, some states have started to require some mechanical properties (e.g., rut depth 
and TSR), while many others were also moving towards some performance based or 
related specifications. 
 All of the mixtures evaluated for laboratory rutting by LWT performed well; Level 1 and 
Level 2 mixtures showed a maximum rut depth of 9.5 mm, and 4.1 mm, with an average rut 
depth values of 4.0 mm and 3.2 mm, respectively.      
 A majority of the mixtures evaluated for laboratory fracture characteristic by SCB showed 
higher Jc values. A maximum Jc value of 0.91kJ/m
2 
was observed among all Level 1 
mixtures; a maximum Jc value of 0.93kJ/m
2
 was observed among all Level 2 mixtures. The 





was observed for Level 1 and Level 2 mixtures, respectively. It was observed 
that Level 1 mixtures’ measured Jc values were close to their group average Jc unlike the 
Level 2 mixtures because of lower field aging. 
 According to the 2012-2013 field rutting data, the pavement sections included in this study 
showed good rutting performance. Most of the pavement sections showed low rut depths 
with a highest rut depth value of 6.4 mm by US171W2 pavement section. However, it was 
noted that all of the Level 2 mixtures showed much lower rut depth after experiencing eight 
years of field aging.  
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 According to the 2012-2013 field cracking data, the pavement sections included in this 
study did not show considerable amount of alligator cracking because the field projects 
were only less than ten years old at the most. However, all pavement sections have 
experienced some amount of random cracking (i.e., sum of longitudinal and transverse 
cracking).  
 Within the limited number of projects observed in this study, it appeared that rutting was 
not a primary distress type, but longitudinal cracking and transverse cracking were the two 
common distress types in Louisiana.  
 In order to evaluate the applicability of the laboratory rutting performance test method, the 
LWT measured rut depths were compared to the projected 20-year field rutting. The 
projection was made using the MEPDG software through PMS rut depth measurements. 
Both methods showed lower rut depths which eventually validated that a good agreement 
could be observed between field measured rut depths and laboratory measured rut depths. 
 In order to evaluate the applicability of the laboratory cracking performance test method, 
the SCB measured Jc values were compared to the field cracking data. The combined 
cracking obtained from PMS data was compared to SCB Jc. A good correlation was 
observed with an R
2
 value of 0.55. Field cracking data (alligator cracking and random 
racking) were converted into index values in accordance with the LADOTD deducts 
system. A power model was utilized to curve fit the data, and both of the converted index 
values showed decent and strong correlations with R
2
 values of 0.56 and 0.83 for ACI and 
RCI, respectively. It was noted that the laboratory mechanistic test SCB obtained Jc values 
could better represent the field cracking performance on a long run according to the 
relationships between field and laboratory cracking parameters.  
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 Additional statistical analyses, performed to identify the relationship between the 
laboratory and field performance parameters, consistently revealed the LWT rut depth and 
SCB Jc as one of the significant independent variables that affected the field rutting and 
cracking performance. This observation supported the previous findings from the 
comparison analysis between laboratory and field performance parameters.   
 According to a comparison analysis between the standard and pseudo PBS for three new 
projects, the rutting performance predictions by the two approaches agreed well. On the 
other hand, the standard (MEPDG) PBS predicted no crackings and did not agree with the 
pseudo PBS. This was mainly because the current MEPDG cracking models had not been 
calibrated for Louisiana pavement conditions.   
 Based upon the analysis results, a preliminary set of specification limits was proposed. For 
the rutting, 6 mm and 10 mm of LWT rut depths seemed to guarantee an acceptable field 
rutting performance of Level 2 and Level 1 asphalt pavements, respectively. Similarly, for 
the cracking, 0.5 kJ/m
2
 and 0.6 kJ/m
2
 of SCB Jc seemed to guarantee an acceptable field 
cracking performance of Level 1 and Level 2 asphalt pavements, respectively. 
According to the findings of this research, it can be concluded that a simplified performance 
based specification (i.e., Pseudo PBS) procedure which included LWT and SCB tests could be 
added to the current QC/QA specification to better guarantee the long term performance of 
Louisiana asphalt pavements.  
5.2 Recommendations  
 This research study concluded that LWT and SCB tests could be adopted as potential 
laboratory test methods to better evaluate the long term pavement performance. Since this 
study included a limited number of projects, it is recommended to conduct an extended 
112 
 
monitoring of this proposed methodology. This data collection effort made can be used to 
identify difficulties in implementing the proposed PBS and to make necessary 
modifications. 
 The SCB test was conducted on partially field aged specimens in this study. It is necessary 
to investigate the long term performance of these pavement sections to better evaluate the 
aging influence on the SCB testing.  
 MEPDG cracking models should be calibrated to continuously validate with the field 
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APPENDIX: MECHANISTIC TEST RESULTS 







IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
EW 2-1 6.6 1977 1855 1731 1549 1354 1074 




2053 1954 1856 1739 1562 1277 
Stdev 107 141 177 269 295 287 
CV (%) 5 7 10 15 19 22 
10 
EW 2-1 6.6 1027 893 737 617 433 291 




1158 1045 881 740 522 321 
Stdev 186 216 203 175 126 42 
CV (%) 16 21 23 24 24 13 
30 
EW 2-1 6.6 453 382 297 228 166 102 




385 315 256 195 138 86 
Stdev 95 94 57 47 40 23 





















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
EB 1-2 4.3 2362 2218 2010 1922 1721 1241 
EB 2-1 3.3 2687 2446 2353 2295 2031 1885 
EB 6-2 3.1 3123 2998 2827 2686 2505 2012 
Average 
  
2724 2554 2397 2301 2086 1713 
Stdev 382 401 410 382 395 413 
CV (%) 14 16 17 17 19 24 
10 
EB 1-2 4.3 1169 1033 789 701 520 208 
EB 2-1 3.3 1475 1264 1064 1055 740 402 
EB 6-2 3.1 2090 1536 1220 1080 908 420 
Average 
  
1578 1277 1024 945 723 343 
Stdev 469 251 218 212 194 117 
CV (%) 30 20 21 22 27 34 
30 
EB 1-2 4.3 248 214 150 115 79 44 
EB 2-1 3.3 338 286 198 160 108 52 
EB 6-2 3.1 419 307 205 181 132 81 
Average 
  
335 269 185 152 106 59 
Stdev 85 49 30 34 26 20 




















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
VW 1-6 2.8 2378 2420 2273 2160 2002 1473 
VW 2-2 9.1 2781 2551 2442 2229 1961 1586 
VW 6-1 6.4 1579 1545 1510 1450 1424 1258 
Average 
  
2246 2172 2075 1947 1796 1439 
Stdev 612 547 497 431 322 166 
CV (%) 27 25 24 22 18 12 
10 
VW 1-6 2.8 1387 1289 1081 870 670 411 
VW 2-2 9.1 1388 1336 1078 854 650 303 
VW 6-1 6.4 1202 1165 1072 1004 916 509 
Average 
  
1325 1263 1077 909 746 408 
Stdev 107 88 4 83 148 103 
CV (%) 8 7 0 9 20 25 
30 
VW 1-6 2.8 457 349 231 206 164 104 
VW 2-2 9.1 456 326 201 156 113 98 
VW 6-1 6.4 725 539 324 280 172 148 
Average 
  
546 404 252 214 149 117 
Stdev 155 117 64 62 32 27 






















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
2_4 5.1 2495 2358 2154 2096 1983 
  
5_4 4.8 4488 4227 3952 3809 3515 
6_1 4.4 3675 3525 3378 3308 3127 
Average 
  
3553 3370 3161 3071 2875 
Stdev 1002 944 918 880 797 
CV (%) 28 28 29 29 28 
10 
2_4 5.1 1691 1593 1362 1270 1077 
5_4 4.8 2743 2616 2266 2158 1781 
6_1 4.4 2710 2603 2312 2157 1938 
Average 
  
2381 2271 1980 1861 1599 
Stdev 598 587 536 512 459 
CV (%) 25 26 27 28 29 
30 
2_4 5.1 800 746 559 466 318 
5_4 4.8 1324 1102 855 748 486 
6_1 4.4 1396 1295 982 814 573 
Average 
  
1173 1048 799 676 459 
Stdev 325 279 217 185 129 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
3_3 3.8 2889 2776 2545 2481 2225 
  
5_4 3.5 3760 3449 3125 3026 2776 
6_5 3.4 4415 4342 4125 4011 3737 
Average 
  
3688 3522 3265 3173 2913 
Stdev 765 785 799 775 765 
CV (%) 21 22 24 24 26 
10 
3_3 3.8 1817 1733 1471 1269 980 
5_4 3.5 2368 2146 1695 1506 1120 
6_5 3.4 2992 2766 2244 2079 1632 
Average 
  
2393 2215 1803 1618 1244 
Stdev 588 520 398 416 343 
CV (%) 25 23 22 26 28 
30 
3_3 3.8 570 475 354 293 150 
5_4 3.5 809 714 488 411 290 
6_5 3.4 1211 870 569 533 292 
Average 
  
863 686 470 413 244 
Stdev 324 199 109 120 81 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E3 5.1 2848 2490 2381 2283 2019 1607 
E4 5.9 2604 2490 2255 2137 1890 1496 
E5 3.9 2539 2426 2381 2083 1904 1547 
Average 
  
2664 2469 2339 2167 1937 1550 
Stdev 163 37 73 103 71 55 
CV (%) 6 1 3 5 4 4 
10 
E3 5.1 1365 1251 970 857 615 330 
E4 5.9 1509 1380 1082 958 702 387 
E5 3.9 1558 1415 1104 972 693 369 
Average 
  
1477 1349 1052 929 670 362 
Stdev 100 86 72 63 48 29 
CV (%) 7 6 7 7 7 8 
30 
E3 5.1 480 395 240 198 112 52 
E4 5.9 434 354 213 173 97 45 
E5 3.9 476 390 232 186 106 49 
Average 
  
463 380 228 186 105 49 
Stdev 25 22 14 13 8 3 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E1 5.1 2648 2604 2509 2389 2105 1558 
E3 4.8 2562 2443 2239 2149 1949 1612 
E6 4.4 2403 2322 2135 2043 1832 1485 
Average 
  
2538 2456 2294 2194 1962 1551 
Stdev 124 142 193 177 137 64 
CV (%) 5 6 8 8 7 4 
10 
E1 5.1 1574 1399 1035 892 598 284 
E3 4.8 1419 1278 983 858 609 313 
E6 4.4 1383 1246 964 848 608 335 
Average 
  
1458 1308 994 866 605 311 
Stdev 101 81 37 23 6 26 
CV (%) 7 6 4 3 1 8 
30 
E1 5.1 494 406 234 183 115 60 
E3 4.8 495 417 262 214 134 66 
E6 4.4 473 389 240 189 112 54 
Average 
  
487 404 245 196 121 60 
Stdev 13 14 15 16 12 6 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E2 5.5 2421 2318 2106 1984 1745 1334 
E3 2.7 2718 2599 2301 2166 1867 1361 
E5 3.2 2773 2685 2428 2301 2067 1604 
Average 
  
2637 2534 2278 2150 1893 1433 
Stdev 189 192 162 159 162 149 
CV (%) 7 8 7 7 9 10 
10 
E2 5.5 1214 1085 795 675 443 204 
E3 2.7 1585 1419 1047 897 599 279 
E5 3.2 1534 1371 1011 867 560 255 
Average 
  
1444 1292 951 813 534 246 
Stdev 201 181 136 121 81 38 
CV (%) 14 14 14 15 15 16 
30 
E2 5.5 326 257 141 112 59 26 
E3 2.7 402 322 178 134 74 39 
E5 3.2 426 344 198 155 89 48 
Average 
  
385 308 172 134 74 38 
Stdev 53 45 29 22 15 11 






















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E1 2.5 3266 3208 2976 2866 2598 2133 
E3 4.7 2806 2731 2544 2475 2277 1925 
E6 4.1 3086 3031 2906 2805 2580 2222 
Average 
  
3052 2990 2809 2715 2485 2093 
Stdev 232 241 232 210 180 152 
CV (%) 8 8 8 8 7 7 
10 
E1 2.5 2099 1972 1582 1447 1084 614 
E3 4.7 2266 1959 1636 1572 1174 720 
E6 4.1 1947 1836 1576 1465 1194 788 
Average 
  
2104 1922 1598 1495 1151 707 
Stdev 160 75 33 68 59 88 
CV (%) 8 4 2 5 5 12 
30 
E1 2.5 750 639 408 334 203 96 
E3 4.7 868 754 511 431 275 131 
E6 4.1 942 796 537 460 305 152 
Average 
  
853 730 485 408 261 126 
Stdev 97 81 68 66 52 28 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E4 4.5 3115 2956 2751 2687 2536 2230 
E5 5.1 2806 2680 2520 2459 2325 2135 
E6 5.3 3291 3045 2872 2793 2638 2390 
Average 
  
3071 2894 2714 2646 2500 2252 
Stdev 245 190 179 171 160 129 
CV (%) 8 7 7 6 6 6 
10 
E4 4.5 2113 2030 1738 1610 1304 866 
E5 5.1 2015 1989 1780 1593 1315 898 
E6 5.3 2108 2052 1797 1682 1402 971 
Average 
  
2079 2024 1771 1628 1340 912 
Stdev 55 32 30 47 54 54 
CV (%) 3 2 2 3 4 6 
30 
E4 4.5 984 861 607 511 337 165 
E5 5.1 954 840 605 519 358 179 
E6 5.3 1026 907 663 570 391 198 
Average 
  
988 869 625 533 362 181 
Stdev 36 35 33 32 27 17 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E4 4.7 3077 3017 2814 2733 2530 2122 
E5 6.3 2515 2507 2290 2195 1950 1772 
E6 6.8 2694 2646 2491 2424 2236 1916 
Average 
  
2762 2723 2531 2451 2239 1937 
Stdev 287 263 264 270 290 176 
CV (%) 10 10 10 11 13 9 
10 
E4 4.7 2186 2079 1816 1675 1382 978 
E5 6.3 1850 1737 1481 1366 1088 818 
E6 6.8 2069 1930 1649 1519 1214 830 
Average 
  
2035 1915 1649 1520 1228 875 
Stdev 171 171 168 155 147 89 
CV (%) 8 9 10 10 12 10 
30 
E4 4.7 1168 1001 694 623 380 186 
E5 6.3 896 753 521 444 286 148 
E6 6.8 955 826 567 471 298 150 
Average 
  
1006 860 594 513 322 161 
Stdev 143 127 90 96 51 22 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E4 4.8 3022 2966 2779 2730 2539 2334 
E5 5 2831 2785 2617 2539 2345 2028 
E6 3.8 3231 3168 2976 2880 2675 2405 
Average 
  
3028 2973 2791 2716 2520 2255 
Stdev 200 192 180 171 166 200 
CV (%) 7 6 6 6 7 9 
10 
E4 4.8 2323 2222 1942 1787 1452 990 
E5 5 2017 1830 1554 1434 1145 746 
E6 3.8 2496 2356 1975 1821 1458 953 
Average 
  
2279 2136 1824 1681 1352 897 
Stdev 243 273 234 214 179 131 
CV (%) 11 13 13 13 13 15 
30 
E4 4.8 973 843 574 481 298 142 
E5 5 891 763 510 426 262 117 
E6 3.8 992 861 594 501 324 158 
Average 
  
952 822 559 469 295 139 
Stdev 54 52 44 39 31 21 






















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E1 3.9 2443 2381 2158 2101 1873 1542 
E3 5.7 2391 2325 2148 2062 1846 1515 
E5 4.3 2380 2317 2157 2089 1894 1597 
Average 
  
2405 2341 2154 2084 1871 1551 
Stdev 33 35 5 20 24 42 
CV (%) 1 1 0 1 1 3 
10 
E1 3.9 1072 960 721 626 425 210 
E3 5.7 925 823 606 520 349 177 
E5 4.3 1172 1058 815 720 513 288 
Average 
  
1057 947 714 622 429 225 
Stdev 124 118 104 100 82 57 
CV (%) 12 13 15 16 19 25 
30 
E1 3.9 228 179 100 83 57 33 
E3 5.7 225 181 105 85 55 32 
E5 4.3 317 256 150 120 78 40 
Average 
  
257 206 118 96 63 35 
Stdev 53 44 28 21 13 4 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E1 3.1 2784 2683 2495 2410 2191 1862 
E2 3.7 2636 2572 2391 2313 2119 1792 
E5 2.9 2909 2844 2654 2577 2366 2002 
Average 
  
2776 2700 2513 2433 2225 1885 
Stdev 136 137 132 133 127 107 
CV (%) 5 5 5 5 6 6 
10 
E1 3.1 1510 1385 1074 949 684 372 
E2 3.7 1506 1395 1116 989 728 417 
E5 2.9 1547 1431 1131 1006 735 407 
Average 
  
1521 1404 1107 981 716 399 
Stdev 23 24 29 29 28 23 
CV (%) 1 2 3 3 4 6 
30 
E1 3.1 510 427 255 203 115 53 
E2 3.7 597 502 313 252 154 70 
E5 2.9 435 361 208 164 106 55 
Average 
  
514 430 259 206 125 59 
Stdev 81 71 52 44 25 9 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E2 5.2 2731 2636 2403 2298 2020 1647 
E3 5.7 2294 2229 2043 1969 1758 1449 
E5 5.5 2532 2455 2255 2170 1938 1586 
Average 
  
2519 2440 2234 2145 1906 1561 
Stdev 219 204 181 166 134 101 
CV (%) 9 8 8 8 7 6 
10 
E2 5.2 1076 959 692 593 390 184 
E3 5.7 887 780 559 478 313 153 
E5 5.5 900 811 602 516 348 169 
Average 
  
954 850 618 529 350 168 
Stdev 105 96 68 59 38 16 
CV (%) 11 11 11 11 11 9 
30 
E2 5.2 272 214 116 89 54 30 
E3 5.7 255 204 115 90 53 24 
E5 5.5 325 261 149 113 71 34 
Average 
  
284 226 127 97 59 29 
Stdev 37 30 19 14 10 5 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
6 6.3 2788 2537 2354 2275 2102 1779 
12 5.6 2637 2525 2372 2305 2082 1761 
14 5.7 2789 2582 2404 2317 2151 1840 
Average 
  
2738 2548 2376 2299 2111 1793 
Stdev 87 30 25 21 35 42 
CV (%) 3 1 1 1 2 2 
10 
6 6.3 1634 1498 1194 1073 802 459 
12 5.6 1652 1583 1295 1183 909 543 
14 5.7 1702 1549 1303 1184 903 530 
Average 
  
1663 1544 1264 1146 872 511 
Stdev 35 43 61 64 60 45 
CV (%) 2 3 5 6 7 9 
30 
6 6.3 601 500 315 246 150 73 
12 5.6 668 549 352 266 171 70 
14 5.7 639 518 327 287 163 77 
Average 
  
636 522 331 267 161 73 
Stdev 34 25 19 21 11 3 






















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
6 5.8 2680 2327 2171 2097 1932 1618 
9 4.6 2698 2539 2159 2085 1936 1659 
12 4.1 2512 2446 2340 2279 2105 1871 
Average 
  
2630 2437 2223 2154 1991 1716 
Stdev 102 106 101 109 99 136 
CV (%) 4 4 5 5 5 8 
10 
6 5.8 1873 1506 1332 1222 970 630 
9 4.6 1765 1702 1343 1242 1001 652 
12 4.1 1732 1620 1461 1354 1108 749 
Average 
  
1790 1609 1378 1272 1026 677 
Stdev 74 98 72 71 72 63 
CV (%) 4 6 5 6 7 9 
30 
6 5.8 718 620 417 349 218 103 
9 4.6 749 632 432 429 237 115 
12 4.1 833 702 492 364 274 140 
Average 
  
767 651 447 381 243 119 
Stdev 60 44 40 42 28 19 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
W43M 7.1 2249 2216 1921 1853 1684 1375 
W54R 4.6 2982 2621 2388 2329 2157 1836 
W55W 3.1 2659 2467 2353 2290 2114 1818 
Average 
  
2630 2435 2221 2157 1985 1676 
Stdev 367 204 260 264 262 261 
CV (%) 14 8 12 12 13 16 
10 
W43M 7.1 1434 1218 949 836 593 298 
W54R 4.6 1628 1443 1140 1020 745 400 
W55W 3.1 1714 1509 1229 1107 803 417 
Average 
  
1592 1390 1106 988 714 372 
Stdev 143 153 143 138 109 64 
CV (%) 9 11 13 14 15 17 
30 
W43M 7.1 468 383 225 171 102 45 
W54R 4.6 548 445 265 204 119 54 
W55W 3.1 576 472 275 211 124 56 
Average 
  
531 434 255 195 115 52 
Stdev 56 46 27 21 12 6 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
B14Q 4.1 2637 2538 2367 2272 2043 1696 
B21A 4.3 2667 2562 2372 2290 2094 1726 
B23K 4.2 3100 2832 2630 2572 2374 2089 
Average 
  
2801 2644 2457 2378 2170 1837 
Stdev 259 163 150 168 178 219 
CV (%) 9 6 6 7 8 12 
10 
B14Q 4.1 1674 1493 1144 1001 697 343 
B21A 4.3 1486 1354 1054 925 646 321 
B23K 4.2 1540 1462 1146 1005 708 348 
Average 
  
1567 1436 1114 977 683 337 
Stdev 96 73 53 45 33 14 
CV (%) 6 5 5 5 5 4 
30 
B14Q 4.1 576 469 274 213 130 57 
B21A 4.3 491 390 223 171 99 42 
B23K 4.2 594 482 278 215 125 57 
Average 
  
554 447 258 200 118 52 
Stdev 55 50 31 25 17 9 























IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E2 6.9 2184 2086 1892 1810 1593 1248 
E3 5.8 2140 2112 1935 1854 1648 1310 
E5 6.3 2105 2043 1881 1808 1612 1284 
Average 
  
2143 2080 1903 1824 1618 1281 
Stdev 40 35 28 26 28 31 
CV (%) 2 2 1 1 2 2 
10 
E2 6.9 794 704 505 430 271 124 
E3 5.8 924 826 605 523 342 159 
E5 6.3 960 863 641 552 365 172 
Average 
  
893 798 584 501 326 152 
Stdev 87 83 71 64 49 25 
CV (%) 10 10 12 13 15 16 
30 
E2 6.9 204 161 88 72 51 31 
E3 5.8 202 156 87 69 70 48 
E5 6.3 242 194 108 89 61 39 
Average 
  
216 170 94 77 61 39 
Stdev 23 21 12 11 10 8 






















IDT E* (ksi) values at different frequencies 
10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 0.01 Hz 
-10 
E2 4.3 2534 2474 2301 2214 2003 1620 
E3 4.4 2876 2811 2626 2534 2300 1889 
E5 4.7 2605 2538 2371 2288 2036 1755 
Average 
  
2672 2608 2433 2345 2113 1755 
Stdev 181 179 171 168 163 134 
CV (%) 7 7 7 7 8 8 
10 
E2 4.3 1520 1404 1100 972 688 342 
E3 4.4 1598 1460 1129 993 704 361 
E5 4.7 1387 1258 961 836 575 289 
Average 
  
1502 1374 1063 933 656 331 
Stdev 107 104 90 85 70 38 
CV (%) 7 8 8 9 11 11 
30 
E2 4.3 375 297 164 128 76 33 
E3 4.4 486 386 217 166 101 52 
E5 4.7 398 322 183 144 86 36 
Average 
  
420 335 188 146 88 41 
Stdev 59 46 27 19 13 10 

































1.273 0.939 0.813 58.6 0.014 
2 1.041 0.898 0.600 59.2 0.010 
3 1.341 0.659 0.598 58.2 0.010 
4 1.173 0.916 0.728 58.5 0.012 
Average 
  
1 1 1 59 0 
Stdev. 0 0 0 0 0 
CV (%) 11 15 15 1 15 
1 
31.8 
1.071 0.760 0.556 56.3 0.010 
2 0.754 0.930 0.491 56.1 0.009 
3 1.115 1.051 0.725 50.2 0.014 
4 1.014 0.975 0.659 50.1 0.013 
Average 
  
1 1 1 53 0 
Stdev. 0 0 0 3 0 
CV (%) 16 13 17 7 23 
1 
38.1 
0.572 0.840 0.335 57.1 0.006 
2 0.765 0.813 0.418 57.3 0.007 
3 0.730 0.703 0.359 55.2 0.007 
4 0.724 0.820 0.401 57.0 0.007 
Average 
  
1 1 0 57 0 
Stdev. 0 0 0 1 0 































0.839 1.008 0.585 46.4 0.013 
2 0.908 1.255 0.782 46.5 0.017 
3 1.191 1.812 1.474 55.4 0.027 
4 0.969 1.642 1.173 55.4 0.021 
Average 
  
1 1 1 51 0 
Stdev. 0 0 0 5 0 
CV (%) 16 26 40 10 31 
1 
31.8 
0.714 0.940 0.526 58.1 0.009 
2 0.813 0.746 0.460 58.2 0.008 
3 0.910 0.811 0.544 54.0 0.010 
4 0.765 0.736 0.424 54.1 0.008 
Average 
  
1 1 0 56 0 
Stdev. 0 0 0 2 0 
CV (%) 10 12 12 4 12 
1 
38.1 
0.543 0.915 0.370 57.5 0.006 
2 0.545 1.219 0.497 57.7 0.009 
3 0.635 0.982 0.449 58.0 0.008 
4 0.715 1.168 0.586 58.1 0.010 
Average 
  
1 1 0 58 0 
Stdev. 0 0 0 0 0 































1.305 0.991 0.886 61.6 0.014 
2 1.397 1.177 1.111 61.8 0.018 
3 1.415 1.024 0.958 60.6 0.016 
4 1.253 1.204 0.970 61.1 0.016 
Average 
  
1 1 1 61 0 
Stdev. 0 0 0 1 0 
CV (%) 6 10 10 1 9 
1 
31.8 
0.916 0.829 0.567 57.5 0.010 
2 1.041 0.940 0.623 57.9 0.011 
3 0.831 0.728 0.391 53.3 0.007 
4 0.815 1.034 0.536 52.3 0.010 
Average 
  
1 1 1 55 0 
Stdev. 0 0 0 3 0 
CV (%) 11 15 19 5 16 
1 
38.1 
0.923 0.508 0.302 57.2 0.005 
2 0.895 0.533 0.297 57.4 0.005 
3 0.748 0.396 0.192 55.4 0.003 
4 0.835 0.330 0.173 56.4 0.003 
Average 
  
1 0 0 57 0 
Stdev. 0 0 0 1 0 































0.962 0.608 0.372 47.5 0.008 
2 1.235 0.649 0.523 47.7 0.011 
3 0.937 0.374 0.231 47.7 0.005 
4 1.293 0.475 0.406 47.4 0.009 
Average 
  
1 1 0 48 0 
Stdev. 0 0 0 0 0 
CV (%) 17 24 31 0 31 
1 
31.8 
1.942 0.416 0.470 49.1 0.010 
2 1.344 0.353 0.276 48.9 0.006 
3 2.464 0.454 0.715 62.4 0.011 
4 2.384 0.409 0.565 59.5 0.009 
Average 
  
2 0 1 55 0 
Stdev. 1 0 0 7 0 
CV (%) 25 10 36 13 27 
1 
38.1 
0.524 0.514 0.206 58.4 0.004 
2 0.651 0.514 0.240 58.7 0.004 
3 1.247 0.318 0.243 56.9 0.004 
4 1.183 0.381 0.295 57.2 0.005 
Average 
  
1 0 0 58 0 
Stdev. 0 0 0 1 0 































1.874 0.634 0.761 56.9 0.013 
2 1.931 0.751 0.906 56.8 0.016 
3 1.137 0.653 0.513 57.5 0.009 
4 1.015 0.724 0.512 57.3 0.009 
Average 
  
1 1 1 57 0 
Stdev. 0 0 0 0 0 
CV (%) 32 8 29 1 29 
1 
31.8 
0.678 0.591 0.309 59.2 0.005 
2 0.821 0.836 0.482 59.3 0.008 
3 0.891 0.895 0.561 62.4 0.009 
4 1.000 0.463 0.325 59.5 0.005 
Average 
  
1 1 0 60 0 
Stdev. 0 0 0 2 0 
CV (%) 16 29 29 3 27 
1 
38.1 
0.636 0.670 0.308 53.2 0.006 
2 0.512 1.065 0.385 53.1 0.007 
3 0.574 0.646 0.276 53.9 0.005 
4 0.607 0.818 0.389 52.6 0.007 
Average 
  
1 1 0 53 0 
Stdev. 0 0 0 1 0 































0.909 1.258 0.789 45.0 0.018 
S1B 0.821 1.340 0.773 45.0 0.017 
S3A 1.117 1.389 1.077 54.0 0.020 
S3B 0.931 1.361 0.766 53.0 0.014 
Average 
  
1 1 1 49 0 
Stdev. 0 0 0 5 0 
CV (%) 13 4 18 10 13 
E1A 
31.8 
0.718 0.946 0.467 49.0 0.010 
E1B 0.717 1.333 0.614 50.0 0.012 
S5A 0.730 1.243 0.516 47.0 0.011 
S5B 0.713 1.084 0.484 47.0 0.010 
Average 
  
1 1 1 48 0 
Stdev. 0 0 0 2 0 
CV (%) 1 15 13 3 11 
E6A 
38.1 
0.579 1.101 0.429 49.0 0.009 
E6B 0.548 1.086 0.390 49.0 0.008 
S6A 0.585 1.201 0.459 47.0 0.010 
S6B 0.520 1.233 0.433 47.0 0.009 
Average 
  
1 1 0 48 0 
Stdev. 0 0 0 1 0 































0.983 1.428 0.938 50.0 0.019 
E2B 0.967 1.314 0.853 51.0 0.017 
S1A 0.816 1.655 0.822 49.0 0.017 
S1B 0.908 1.684 1.027 50.0 0.021 
Average 
  
1 2 1 50 0 
Stdev. 0 0 0 1 0 
CV (%) 8 12 10 2 10 
E5A 
31.8 
0.589 1.716 0.666 51.0 0.013 
E5B 0.723 1.321 0.641 51.0 0.013 
S5A 0.672 1.211 0.493 52.0 0.009 
S5B 0.732 1.099 0.534 52.0 0.010 
Average 
  
1 1 1 52 0 
Stdev. 0 0 0 1 0 
CV (%) 10 20 14 1 15 
S2A 
38.1 
0.386 0.878 0.245 49.0 0.005 
S2B 0.367 1.297 0.387 49.0 0.008 
S3A 0.495 0.884 0.305 45.0 0.007 
S3B 0.496 0.950 0.338 45.0 0.008 
Average 
  
0 1 0 47 0 
Stdev. 0 0 0 2 0 































0.770 1.432 0.695 44.0 0.016 
S3B 0.746 1.277 0.648 44.0 0.015 
S4A 0.895 1.257 0.737 48.0 0.015 
S4B 0.937 1.658 0.960 48.0 0.020 
Average 
  
1 1 1 46 0 
Stdev. 0 0 0 2 0 
CV (%) 11 13 18 5 15 
E1A 
31.8 
0.582 1.363 0.567 56.0 0.010 
E1B 0.529 1.375 0.477 56.0 0.009 
E4A 0.815 1.347 0.724 56.0 0.013 
E4B 0.764 1.413 0.764 56.0 0.014 
Average 
  
1 1 1 56 0 
Stdev. 0 0 0 0 0 
CV (%) 21 2 21 0 21 
S1A 
38.1 
0.660 1.144 0.523 46.0 0.011 
S1B 0.574 1.056 0.372 47.0 0.008 
S6A 0.510 1.163 0.414 46.0 0.009 
S6B 0.427 1.099 0.345 47.0 0.007 
Average 
  
1 1 0 47 0 
Stdev. 0 0 0 1 0 































1.159 0.646 0.495 35.1 0.014 
S4B-B 0.907 0.913 0.401 35.2 0.011 
S6A 1.055 0.565 0.394 33.4 0.012 
S6B 1.058 0.754 0.439 34.2 0.013 
Average 
  
1 1 0 34 0 
Stdev. 0 0 0 1 0 
CV (%) 10 21 11 2 10 
S2A-B 
31.8 
0.873 0.660 0.338 35.0 0.010 
S2B-B 0.968 0.566 0.325 35.0 0.009 
S5A 0.865 0.652 0.341 40.9 0.008 
S5B 1.100 0.904 0.628 41.3 0.015 
Average 
  
1 1 0 38 0 
Stdev. 0 0 0 4 0 
CV (%) 12 21 36 9 29 
E1A-B 
38.1 
0.394 0.781 0.221 39.7 0.006 
E1B-B 0.488 0.656 0.226 42.8 0.005 
S3A 0.553 0.586 0.222 32.5 0.007 
S3B 0.513 0.577 0.208 32.9 0.006 
Average 
  
0 1 0 37 0 
Stdev. 0 0 0 5 0 































1.282 0.545 0.444 44.4 0.010 
S1B 1.087 0.555 0.383 44.7 0.009 
S3A 1.371 0.710 0.615 54.3 0.011 
S3B 1.493 1.011 0.857 54.0 0.016 
Average 
  
1 1 1 49 0 
Stdev. 0 0 0 6 0 
CV (%) 13 31 37 11 28 
E1A 
31.8 
0.986 0.683 0.448 44.1 0.010 
E1B 1.031 0.757 0.486 44.1 0.011 
S5A 0.946 0.461 0.254 45.9 0.006 
S5B 1.127 0.741 0.498 46.1 0.011 
Average 
  
1 1 0 45 0 
Stdev. 0 0 0 1 0 
CV (%) 8 21 27 2 28 
E2A 
38.1 
0.667 0.771 0.338 45.2 0.007 
E2B 0.611 0.753 0.317 45.2 0.007 
E3A 1.072 0.582 0.345 50.1 0.007 
E3B 0.866 0.551 0.298 50.2 0.006 
Average 
  
1 1 0 48 0 
Stdev. 0 0 0 3 0 































1.119 0.692 0.506 37.0 0.014 
E2B 1.049 0.915 0.533 37.7 0.014 
E3A 1.208 0.685 0.568 37.4 0.015 
E3B 1.130 0.742 0.535 37.0 0.014 
Average 
  
1 1 1 37 0 
Stdev. 0 0 0 0 0 




0.702 0.564 0.260 32.9 0.008 
W1S5B-
B 
0.589 0.681 0.268 33.0 0.008 
S2A 0.678 0.475 0.216 36.4 0.006 
S2B 0.649 0.580 0.253 36.6 0.007 
Average 
  
1 1 0 35 0 
Stdev. 0 0 0 2 0 
CV (%) 7 15 9 6 14 
E1A 
38.1 
0.564 0.533 0.196 40.6 0.005 
E1B 0.626 0.570 0.232 40.2 0.006 
S4A 0.401 0.581 0.159 35.9 0.004 
S4B 0.524 0.479 0.169 36.0 0.005 
Average 
  
1 1 0 38 0 
Stdev. 0 0 0 3 0 






























1.644 0.572 0.564 52.3 0.011 
E1B 1.494 0.586 0.514 53.0 0.010 
S1A 1.585 0.882 0.793 51.9 0.015 
S1B 1.500 0.806 0.586 52.4 0.011 
Average 
  
2 1 1 52 0 
Stdev. 0 0 0 0 0 
CV (%) 5 22 20 1 21 
S4A 
31.8 
1.157 0.897 0.550 51.8 0.011 
S4B 0.910 0.794 0.430 52.0 0.008 
S5A 1.050 0.720 0.450 47.1 0.010 
S5B 0.934 0.786 0.480 47.4 0.010 
Average 
  
1 1 0 50 0 
Stdev. 0 0 0 3 0 
CV (%) 11 9 11 5 11 
E2A 
38.1 
0.730 0.552 0.249 54.7 0.005 
E2B 0.871 0.490 0.273 54.4 0.005 
S3A 0.704 0.431 0.196 51.9 0.004 
S3B 0.731 0.547 0.253 51.3 0.005 
Average 
  
1 1 0 53 0 
Stdev. 0 0 0 2 0 































0.612 1.248 0.508 45.0 0.011 
E2B 0.748 1.190 0.577 45.0 0.013 
S6A 0.683 1.311 0.566 54.0 0.010 
S6B 0.720 1.344 0.599 53.0 0.011 
Average 
  
1 1 1 49 0 
Stdev. 0 0 0 5 0 
CV (%) 9 5 7 10 8 
SB1A 
31.8 
0.575 1.231 0.414 48.5 0.009 
SB1B 0.719 1.020 0.438 49.2 0.009 
SB2A 0.685 1.220 0.521 49.5 0.011 
SB2B 0.729 1.147 0.493 49.1 0.010 
Average 
  
1 1 0 49 0 
Stdev. 0 0 0 0 0 
CV (%) 10 8 11 1 10 
E4A 
38.1 
0.450 0.995 0.314 55.0 0.006 
E4B 0.394 1.055 0.251 55.5 0.005 
S3A 0.447 1.058 0.287 54.0 0.005 
S3B 0.357 0.894 0.227 53.5 0.004 
Average 
  
0 1 0 55 0 
Stdev. 0 0 0 1 0 































1.039 0.998 0.630 43.0 0.015 
S1B 0.914 1.006 0.620 43.0 0.014 
S2A 0.905 1.376 0.760 43.0 0.018 
S2B 0.456 0.824 0.229 43.0 0.005 
Average 
  
1 1 1 43 0 
Stdev. 0 0 0 0 0 
CV (%) 31 22 41 0 41 
S3A 
31.8 
0.707 1.333 0.584 54.0 0.011 
S3B 0.759 1.343 0.529 55.0 0.010 
S5A 0.670 1.425 0.553 53.0 0.010 
S5B 0.682 1.051 0.459 54.0 0.009 
Average 
  
1 1 1 54 0 
Stdev. 0 0 0 1 0 
CV (%) 6 13 10 2 10 
S4A 
38.1 
0.554 1.055 0.359 55.0 0.007 
S4B 0.500 1.321 0.394 56.0 0.007 
S6A 0.499 0.713 0.240 52.0 0.005 
S6B 0.562 1.056 0.400 54.0 0.007 
Average 
  
1 1 0 54 0 
Stdev. 0 0 0 2 0 































0.646 1.190 0.578 45.0 0.013 
E1B 0.781 1.743 0.766 45.0 0.017 
S2A 0.607 1.603 0.620 54.0 0.011 
S2B 0.523 1.533 0.504 53.0 0.010 
Average 
  
1 2 1 49 0 
Stdev. 0 0 0 5 0 
CV (%) 17 15 18 10 25 
S5A 
31.8 
0.390 1.356 0.352 54.0 0.007 
S5B 0.256 0.885 0.150 53.5 0.003 
E4A 0.399 1.253 0.328 53.0 0.006 
E4B 0.470 1.580 0.496 52.5 0.009 
Average 
  
0 1 0 53 0 
Stdev. 0 0 0 1 0 
CV (%) 24 23 43 1 44 
S3A 
38.1 
0.383 1.152 0.301 55.0 0.005 
S3B 0.329 1.198 0.268 55.5 0.005 
S2A 0.279 1.144 0.219 54.0 0.004 
S2B 0.399 1.259 0.332 53.5 0.006 
Average 
  
0 1 0 55 0 
Stdev. 0 0 0 1 0 































1.291 0.729 0.561 42.7 0.013 
5B 1.152 0.718 0.429 43.0 0.010 
13A 1.255 0.719 0.458 45.2 0.010 
13B 1.392 0.805 0.565 45.5 0.012 
Average 
  
1 1 1 44 0 
Stdev. 0 0 0 1 0 
CV (%) 8 6 14 3 14 
16A 
31.8 
1.240 0.457 0.338 50.6 0.007 
16B 1.191 0.760 0.388 50.6 0.008 
9A 1.130 0.751 0.426 49.9 0.009 
9B 1.072 0.925 0.602 51.1 0.012 
Average 
  
1 1 0 51 0 
Stdev. 0 0 0 0 0 
CV (%) 6 27 26 1 25 
2A 
38.1 
0.447 0.651 0.188 40.7 0.005 
2B 0.664 0.607 0.243 41.4 0.006 
8A 0.718 0.573 0.245 45.6 0.005 
8B 0.688 0.423 0.163 46.0 0.004 
Average 
  
1 1 0 43 0 
Stdev. 0 0 0 3 0 
































1.708 0.633 0.527 54.5 0.010 
13 B 
BCK 
2.367 0.832 0.995 53.9 0.018 
13A 2.137 0.903 0.913 54.6 0.017 
13B 1.697 0.968 0.734 54.3 0.014 
Average 
  
2 1 1 54 0 
Stdev. 0 0 0 0 0 
CV (%) 17 17 26 1 27 
14A 
31.8 
1.065 1.245 0.541 51.1 0.011 
14B 1.008 0.486 0.267 51.8 0.005 
15A 1.444 0.764 0.489 54.9 0.009 
15B 1.392 0.558 0.410 54.9 0.007 
Average 
  
1 1 0 53 0 
Stdev. 0 0 0 2 0 
CV (%) 18 45 28 4 29 
1A 
38.1 
1.269 0.477 0.322 54.8 0.006 
1B 1.090 0.497 0.282 54.5 0.005 
15A 0.900 0.388 0.174 57.7 0.003 
15B 0.920 0.373 0.181 57.8 0.003 
Average 
  
1 0 0 56 0 
Stdev. 0 0 0 2 0 






























1.189 0.962 0.715 43.0 0.017 
25B 1.118 0.796 0.579 43.0 0.013 
    
Average 
  
1 1 1 43 0 
Stdev. 0 0 0 0 0 
CV (%) 4 13 15 0 15 
S1A 
31.8 
0.725 1.347 0.512 41.0 0.012 
S1B 0.797 0.995 0.522 41.0 0.013 
    
Average 
  
1 1 1 41 0 
Stdev. 0 0 0 0 0 
CV (%) 7 21 1 0 1 
S1A 
38.1 
0.363 1.413 0.339 44.3 0.008 
S1B 0.423 1.148 0.317 45.0 0.007 
    
Average 
  
0 1 0 45 0 
Stdev. 0 0 0 0 0 































0.958 1.194 0.701 43.5 0.016 
25B 1.243 1.221 0.884 44.3 0.020 
    
Average 
  
1 1 1 44 0 
Stdev. 0 0 0 1 0 
CV (%) 18 2 16 1 15 
31a 
31.8 
0.979 0.889 0.552 53.2 0.010 
31b 0.721 0.783 0.375 52.1 0.007 
    
Average 
  
1 1 0 53 0 
Stdev. 0 0 0 1 0 
CV (%) 21 9 27 1 26 
38A 
38.1 
0.678 1.221 0.529 55.5 0.010 
38B 0.645 0.962 0.409 56.0 0.007 
    
Average 
  
1 1 0 56 0 
Stdev. 0 0 0 0 0 































0.405 0.703 0.195 41.0 0.005 
S1B 0.427 0.842 0.222 41.0 0.005 
S2A 0.529 0.577 0.190 37.8 0.005 
S2B 0.568 0.769 0.216 37.8 0.006 
Average 
  
0 1 0 39 0 
Stdev. 0 0 0 2 0 
CV (%) 16 16 7 5 8 
S3A 
31.8 
0.412 0.949 0.180 39.0 0.005 
S3B 0.353 0.378 0.089 39.0 0.002 
S4A 0.379 0.504 0.123 35.5 0.003 
S4B 0.427 0.683 0.198 35.5 0.006 
Average 
  
0 1 0 37 0 
Stdev. 0 0 0 2 0 
CV (%) 9 39 34 5 36 
S5A 
38.1 
0.176 0.511 0.059 31.7 0.002 
S5B 0.209 0.570 0.084 31.7 0.003 
S6A 0.194 0.411 0.052 31.5 0.002 
S6B 0.173 0.411 0.046 31.5 0.001 
Average 
  
0 0 0 32 0 
Stdev. 0 0 0 0 0 































0.807 0.862 0.445 46.0 0.010 
S5B 0.731 0.876 0.421 46.0 0.009 
S6A 0.808 0.657 0.293 46.8 0.006 
S6B 0.720 0.915 0.430 46.5 0.009 
Average 
  
1 1 0 46 0 
Stdev. 0 0 0 0 0 
CV (%) 6 14 18 1 18 
S3A 
31.8 
0.626 0.643 0.275 44.5 0.006 
S3B 0.763 0.584 0.265 45.0 0.006 
S4A 0.590 0.690 0.282 43.0 0.007 
S4B 0.711 0.756 0.378 44.0 0.009 
Average 
  
1 1 0 44 0 
Stdev. 0 0 0 1 0 
CV (%) 12 11 17 2 18 
S1A 
38.1 
0.478 0.544 0.163 44.6 0.004 
S1B 0.504 0.643 0.222 44.6 0.005 
S2A 0.493 0.670 0.230 45.0 0.005 
S2B 0.509 0.703 0.224 45.0 0.005 
Average 
  
0 1 0 45 0 
Stdev. 0 0 0 0 0 
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